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Abstract
Stroke is the third leading cause of disability worldwide, commonly removing a subject’s
independence. However, physical therapy can assist a subject in regaining their lost func-
tionality. Modern physical therapy is incorporating assistive robotic devices, allowing more
intensive and repetitive training while reducing therapy cost.
The incorporation of surface electromyography (sEMG) into assistive robotics can enable
patient-driven intention-based control, leading to increased patient interaction and a more
natural, unconscious interface. sEMG is the non-invasive technique of measuring the bio-
electrical activity of the skeletal muscle at the skin surface. The bioelectrical signal is
bipolar with an amplitude of ≤ 10 mVpk–pk, a frequency spectrum of 0–500Hz and is typi-
cally measured using two recording electrodes and a single reference electrode. However,
electrical interference and bioelectrical crosstalk limit the efficacy of bioelectrical feedback
for assistive robotic control.
In built-up environments, the human body is capacitively coupled to the mains power sup-
ply and ground, leading to interference potentials which are a function of the impedance
imbalance between recording electrodes. The current methods of reducing electrical inter-
ference either removes a portion of the signal of interest; can have limited affect, resulting
in large interference potentials; or can be time consuming with the potential to lead to skin
irritation.
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Bioelectrical crosstalk, detected with sEMG, is the phenomenon of one muscle’s signal
influencing the recording of another. Crosstalk can lead to misrepresentation of the target
signal, increasing the difficulty to provide accurate biofeedback. The tripolar electrode
configuration is commonly used to reduce crosstalk. However, using three electrodes
increases the possibility of impedance imbalances between recording electrodes.
Previous research has focused on balancing the common-mode input impedance of the
bioelectrical instrumentation device with the impedance of the electrode-skin interface.
The common-mode interference potential was used as an indicator to control the re-
quired common-mode input impedance. However, without measuring the electrode-skin
impedance, the unique transfer function of each electrode-skin interface will be unknown,
reducing the ability to use the frequency spectrum of the bioelectrical signal for biofeed-
back. Therefore, there is a need to balance the impedance between electrode-skin inter-
faces and determine the resulting transfer function between the electrode-skin interface
and the bioelectrical instrumentation device.
Commercial, research-level sEMG devices do not have an open source signal processing
architecture. Therefore, to quantify the impact of balancing the impedance of multiple
electrode-skin interfaces, a high quality near-raw signal output sEMG device was developed.
The device has a resolution of 298 nV, a baseline noise of less than 5.2µVrms (when abrasive
skin preparation is applied), a signal bandwidth of 21.2–433 Hz, a sampling rate of 1 kHz
and built in 1 x 10 mm Ag bar electrodes.
Characterising the behaviour of the electrode-skin interface provides quantitative insight
into optimising a compensatory system to balance the impedance between multiple electrode-
skin interfaces. A method to model the step response of the electrode-skin interface was
developed using simulation and physical, passive circuitry, resulting in a mean error per
modelled component of 0.076% and 3.49% for simulation and passive circuitry, respectively.
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However, the method was unsuccessful in modelling the electrode-skin interface of a hu-
man subject. The method relied on the system reaching steady state, which did not occur
with the human subject during the 500 s recording period. This is thought to be due to
an oversimplified model, and the step voltage changing the chemistry of the electrodes,
causing ions to be removed from one electrode and attached to the other. To produce
a method that could be used in real-time, frequency dependent stimulation and spectral
analysis was used.
The impedance imbalance between electrode-skin interfaces at mains frequency (50 Hz)
has been reported to have a typical range of 10–20 kΩ when using Ag/AgCl electrodes.
In this work, a trial was conducted on ten subjects, where the electrode-skin impedance
imbalance between two electrode-skin interfaces was recorded over a frequency range of
1 Hz–100kHz, resulting in a mean impedance imbalance of (37.6± 47.1) kΩ and (15.0± 18.3)
degrees using Ag/AgCl electrodes without skin preparation; (4.52± 7.65) kΩ and (4.6± 6.9)
degrees using Ag/AgCl electrodes with abrasive skin preparation; and (36.2± 45.1) kΩ and
(3.4± 3.6) degrees using Ag bar electrodes with abrasive skin preparation. These results
indicate that the impedance imbalance between electrode-skin interfaces is larger than
originally anticipated, and highlights the need to balance the impedance between electrode-
skin interfaces.
The measured impedance data was used to characterise the electrode-skin interface using a
seven-parameter model, consisting of resistive and constant-phase elements. A normalised
root mean square error was used to quantify the model fit for the bioelectrical signal
range (1–500 Hz), resulting in a mean error and standard deviation of (12.5 ± 14.7) % for
the magnitude and (4.5 ± 4.9) % for the phase using Ag/AgCl electrodes without skin
preparation, (3.2 ± 1.7) % for the magnitude and (6.2 ± 8.9) % for the phase using the
Ag/AgCl electrodes with abrasive skin preparation, and (15.5 ± 17.9) % for the magnitude
and (4.4 ± 1.8) % for the phase using the Ag bar electrodes with abrasive skin preparation.
viii
A large contribution to the modelling error is thought to be due to noise in the raw data
and the temporal relationship of the electrode-skin interface.
A novel system was developed to digitally measure and control the common-mode input
impedance of the bioelectrical instrumentation device, with the aim of balancing the result-
ing transfer functions formed by each electrode-skin interface in series with the bioelec-
trical instrumentation device. The methods used to measure and model the electrode-skin
interfaces were the foundation of estimating the required common-mode input impedance,
and the developed sEMG device was used to measure the impact of the compensatory sys-
tem. Another trial was conducted on ten subjects, where the bioelectrical signal from the
biceps brachii was measured using a bipolar and tripolar electrode configuration, and the
bioelectrical signal from the triceps brachii was simultaneously measured using a bipolar
electrode configuration. The compensatory system was implemented on the tripolar elec-
trode configuration, resulting in a mean reduction of electrical interference of (43.9± 49.2)%
at the mains supply frequency (50 Hz) and (69.4± 36.2)% at the second harmonic of the
mains supply frequency (100Hz). There was no crosstalk detected for any of the subjects.
Therefore, the efficacy of the tripolar electrode configuration for crosstalk reduction could
not be verified.
Overall, this thesis developed and validated a method of measuring the impedance of
multiple individual electrode-skin interfaces, wideband modelling of the electrode-skin in-
terface for multiple electrode configurations, and a method to balance and measure the
transfer functions formed by each electrode-skin interface in series with the bioelectrical
instrumentation device. The resulting system reduces electrical interference produced by
capacitive coupling of the human body to the mains supply, with the possibility of increasing
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1.1 Stroke and Rehabilitation
Stroke is the third leading cause of disability (Feigin et al., 2014) and the fifth most com-
mon cause of death worldwide (Benjamin et al., 2017). It is common for stroke to impair
a subject’s ability to perform activities of daily living, removing a subject’s independence.
However, physical therapy can enable a subject to regain their lost functionalities (Dam
et al., 1993; Smith et al., 1981). Traditional rehabilitation is time consuming and labour
intensive, potentially resulting in a costly rehabilitation. With the age of the population and
life expectancy increasing, there is demand for an improved quality of life for the elderly
and disabled, therefore, research focused on producing affordable and more widely ac-
cessible assistive robotic devices to aid rehabilitation is predicted to increase (Gelderblom,
Wilt, Cremers, & Rensma, 2009). Assistive robotic devices can reduce the time and phys-
ical exertion required from a therapist, allowing more intensive repetitive training while
reducing the cost of therapy (Dı́az, Gil, & Sánchez, 2011).
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Surface electromyography (sEMG) can be incorporated into assistive robotics to enable
patient-driven intention-based control. sEMG is the non-invasive technique of measuring
the bioelectrical activity of the skeletal muscle at the skin surface (Basmajian & De Luca,
1979). Generally, bioelectrical instrumentation measures a differential potential between
recording electrodes with respect to a reference electrode. Specifically for sEMG, the
bipolar electrode configuration is commonly used, requiring two recording electrodes and
one reference electrode. The recording electrodes are placed above the muscle of interest,
and the reference electrode is best placed above electrically neutral tissue (De Luca, 2002).
Surface electromyography incorporated with assistive robotic devices can increase patient
interaction compared to standard kinematic and kinetic sensors alone (Kawamoto & Sankai,
2002) and support a more natural unconscious interface compared to manual controllers,
such as a joystick (Sankai, 2010). The bioelectrical signals occur 2–3 ms before a muscle
contraction (Basmajian & De Luca, 1979), allowing synchronous device and subject motion
(Kawamoto, Lee, Kanbe, & Sankai, 2003). However, electrical interference and bioelectrical
crosstalk limit the practical ability to use bioelectrical signals for assistive robotic control.
1.1.1 Electrical Interference
Bioelectrical signals can be contaminated by mains supply interference, limiting the signal-
to-noise ratio (SNR) of the recorded signal. In built-up environments, the human body is
capacitively coupled to the mains power supply and ground, causing conduction currents
to flow through the human body (Huhta & Webster, 1973; Metting van Rijn, Peper, &
Grimbergen, 1990; Webster, 2009). The conduction currents result in a common-mode
potential at the recording electrodes. Each electrode in contact with the skin has a high
impedance electrode-skin interface, which has the potential to distort the common-mode
signal into a differential-mode signal due to the potential divider effect (Huhta & Webster,
1973; Metting van Rijn et al., 1990; Pacela, 1967).
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In addition, electrode leads are typically used to transmit the bioelectrical signal from the
recording electrodes to the bioelectrical instrumentation device. The electrode leads are
also capacitively coupled to the mains supply (Huhta & Webster, 1973; Metting van Rijn et
al., 1990; Webster, 2009). Since the input impedance of the bioelectrical instrumentation
device is orders of magnitude larger than the electrode-skin impedance, the capacitive
coupling causes conduction currents to flow into the electrode leads and to ground. The
conduction currents produce a differential-mode potential as a function of the conduction
current and the electrode-skin impedance imbalance.
There are methods of reducing this interference, but the efficacy of these techniques are
limited. The capacitive coupling between the electrode leads and the mains power sup-
ply can be reduced using shielded electrode leads, but the distributed capacitance of the
shielded cable reduces the input impedance of the bioelectrical instrumentation device,
increasing the differential-mode interference produced due to the potential divider effect
(Betts & Brown, 1976; Huhta & Webster, 1973; Metting van Rijn et al., 1990; Webster, 2009).
The high impedance path to ground through the electrode-skin interface in which the cou-
pled conduction currents flow, can be reduced by implementing active electrodes. Active
electrodes couple the recording electrodes with low output impedance operational ampli-
fiers on the same module, limiting the resulting differential-mode potential due to the flow
of conduction currents (Huhta & Webster, 1973). Active electrodes are not always used as
they have fixed interelectrode distances, limiting their use between different muscle sites
and recording techniques.
The interference current caused by capacitive coupling of the subject to the mains supply
can be reduced using a right leg driver (RLD). The RLD reduces the effective reference
electrode impedance (Winter & Webster, 1983a), reducing common-mode interference,
and limiting the impact of the potential divider effect. The RLD reduces common-mode
interference by driving the reference electrode to the inverted common-mode interference
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potential. However, while effective at reducing electrical interference, the RLD does not
eliminate it.
Skin preparation reduces the electrode-skin impedance, reducing the maximum possible
electrode-skin impedance imbalance (Searle & Kirkup, 2000). Skin preparation is achieved
by methods ranging from cleaning the skin with alcohol, to abrading the skin surface with
sand paper (Betts & Brown, 1976). However, skin preparation can be time consuming, lead
to skin irritation and large interference potentials when performed incorrectly.
Filtering methods are commonly used to reduce the remaining differential-mode inter-
ference. Typically, an analogue notch filter (Hardalaç & Canal, 2004), or digital filtering
is applied (Supuk, Skelin, & Cic, 2014; Youn & Kim, 2009). However, as the differential
interference is within the frequencies of interest, the filtering also attenuates the signal of
interest.
1.1.2 Crosstalk
Bioelectrical crosstalk, detected with sEMG, is the phenomenon of one muscle’s signal
influencing the recording of another. Crosstalk contamination makes it difficult to mea-
sure the bioelectrical signal from a single muscle, which can lead to misrepresentation of
the target signal, making it difficult to provide accurate biofeedback. Crosstalk is due to
spatially overlapping fibre territories, tissue volume conduction (Kilner, Baker, & Lemon,
2002) and the extinction of the action potentials at the tendons (Basmajian & De Luca,
1979; De Luca, 1997; Farina, Merletti, Indino, Nazzaro, & Pozzo, 2002). The skin tissue acts
as a low pass filter with the cut-off frequency decreasing as the distance from the signal
source to the skin surface increases. Since crosstalk signals typically originate further
from the skin surface than target muscles, crosstalk can be low frequency and appear as
common-mode voltage (Basmajian & De Luca, 1979; Broman, Bilotto, & Luca, 1985; De Luca
& Merletti, 1988). However, human tissue is anisotropic and inhomogeneous, introducing
CHAPTER 1. INTRODUCTION 5
a phase shift into the volume conducted signal components. This phase shift distorts the
crosstalk signals, resulting in voltage gradients (Broman et al., 1985).
A common crosstalk reduction method, the tripolar electrode-configuration, records the
average potential of two flanking electrodes with respect to a centre electrode. The con-
figuration was developed to reject voltage gradients that are situated along the axis of the
recording electrodes. The tripolar electrode configuration permits the distinction of a dis-
tant source producing a voltage gradient, and a local bioelectrical signal from the desired
muscle. The tripolar electrode configuration can be superior to the bipolar electrode con-
figuration (De Luca, Kuznetsov, Gilmore, & Roy, 2012; Koh & Grabiner, 1993; Van Vugt &
Van Dijk, 2001). Therefore, balancing the impedance of three electrode-skin interfaces
may reduce electrical interference and crosstalk contamination simultaneously, with the
potential to improve bioelectrical signal acquisition.
1.1.3 Balancing the Impedance of Electrode-skin Interfaces
Previous research has been conducted on balancing the impedance between two electrode-
skin interfaces by adding some form of compensation, but there are limitations in these
studies. Compensation has been applied to an electrode pair submerged in a saline solution
(zero contact with the human body), removing the variability associated with the human
body (Nag, Sikdar, Thakor, Rao, & Sharma, 2015). Therefore, this method cannot be applied
to balance electrode-skin interfaces produced by electrodes in contact with the human
skin. Tuning compensatory impedance to minimise common-mode interference has been
implemented. This was achieved using manual tuning (Adli & Yamamoto, 1998), and in-
phase and quadrature component signal techniques (Parente et al., 2018). The common-
mode interference potential was used as an indicator to control the common-mode input
impedance of the bioelectrical instrumentation device. However, without measuring the
electrode-skin impedance, the unique transfer function produced by each electrode-skin
interface in series with the compensatory impedance will be unknown. Therefore, the
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frequency spectrum of the bioelectrical signal will be attenuated by an unknown frequency
dependent gain, limiting the ability to use the frequency content of the bioelectrical signal
for biofeedback.
1.2 Preface
The aim of this thesis is to develop a novel real-time electrode-skin impedance balanc-
ing system to improve bioelectrical signal capture, particularly for sEMG. A trial will be
conducted to quantify the electrode-skin impedance imbalance over a number of subjects
and different electrode configurations. This data will permit modelling the electrode-skin
interface, which will provide valuable insight to the electrode-skin interface. Using the
experimental data, a non-linear electrode-skin impedance compensatory system will be
developed. A second trial will be conducted to quantify the reduction of electrical interfer-
ence and crosstalk contamination using the novel electrode-skin impedance compensation
system.
This work involves hardware development to measure and balance the electrode-skin in-
terface, involving the production of an sEMG device; an electrode-skin impedance mea-
surement system that can record the impedance imbalance between electrode-skin inter-
faces; and a novel electrode-skin impedance compensatory system. This work also involves
software development to control the hardware, model the electrode-skin impedance and
optimise the compensatory system used to balance multiple electrode-skin interfaces.
1.2.1 Contributions to the Field
The novelty of this work is the development of a real-time system that simultaneously mea-
sures and balances the impedance of three electrode-skin interfaces for electrical interfer-
ence and crosstalk contamination reduction, with the ability of quantifying the improvement
of sEMG signal acquisition. This removes the limitations of existing systems which do not
apply electrode-skin impedance imbalance compensation, or produce unknown frequency
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dependent attenuation due to their compensatory system.
To my knowledge, there has not been a study on how adding compensatory impedance
to balance multiple electrode-skin interfaces affects bioelectrical signal recording quality
in the presence of crosstalk contamination. Reducing electrical interference and crosstalk
contamination has the potential to increase bioelectrical signal acquisition, permitting a
more accurate assistive robotic device control based on voluntary muscle contractions,
increasing the efficacy of stroke rehabilitation.
1.2.2 Overview
An overview of this thesis is outlined below:
Chapters 1 and 2 provide background information and context for the content of this thesis.
Chapter 1 introduces the challenges associated with sEMG.
Chapter 2 provides detailed background knowledge and context about assistive robotic
devices in stroke rehabilitation, the origin of the bioelectrical signal, sources of electrical
interference and crosstalk contamination, and existing methods to improve bioelectrical
signal acquisition. This detailed background allows a better understanding of the limitations
and current methods used to improve the signal quality of sEMG.
Chapter 3 outlines the hardware design, developed as an open source bipolar active elec-
trode sEMG device. The data from testing the device on three subjects is also outlined in
this chapter. The basis of this design is used to assist in quantifying the impact of balancing
multiple electrode-skin interfaces (results presented in Chapter 8).
Chapter 4 presents the method used to model the electrode-skin interface in the time
domain. It was determined that measuring and modelling the electrode-skin interface is
more effective in the frequency domain.
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Chapter 5 describes the process used to measure the impedance of the electrode-skin inter-
face in the frequency domain. A trial was conducted on ten subjects, where the impedance
of the electrode-skin interface for the ten subjects was measured using three electrode con-
figurations. This chapter highlights the extent of the electrode-skin impedance imbalance,
confirming the need to balance electrode-skin interfaces.
Chapter 6 develops a model for the electrode-skin interface using the data from Chapter 5.
It was verified that purely capacitive elements could not produce an accurate fit for the three
electrode configurations, therefore, constant phase elements (CPEs) were employed. The
resulting model contained seven-parameters, consisting of resistive and constant-phase
elements.
Chapter 7 describes the novel electrode-skin impedance compensation method. The input
impedance of the bioelectrical instrumentation device was balanced with the impedance of
the electrode-skin interface. This was simultaneously performed for three electrodes in a
tripolar electrode configuration. The method was achieved by measuring the impedance of
the electrode-skin interfaces, characterising the electrode-skin interfaces using a resistive-
capacitive model, and applying resistive-capacitive compensation to minimise the imbal-
ance between the transfer functions of the electrode-skin interface and the bioelectrical
instrumentation device.
Chapter 8 presents the results from applying the compensatory system to ten subjects. It
was verified that the compensatory system was effective in reducing electrical interference.
However, crosstalk was not present in any of the subjects during the trial. Therefore, only
the reduction in electrical interference could be quantified.
Chapters 9 and 10 provide a summary of this thesis and highlights possible avenues to
extend and complement the work presented in this thesis.
CHAPTER 2
Literature Review
2.1 Assistive Robotics in Stroke Rehabilitation
Stroke is the third leading cause of disability (Feigin et al., 2014) and the fifth most com-
mon cause of death worldwide (Benjamin et al., 2017). It is common for stroke to lead to
paralysis of one side of the body: this neurological impairment is known as hemiplegia.
Hemiplegia drastically impairs a subject’s ability to perform activities of daily living (ADL),
such as bathing, eating and transferring. Not being able to perform ADL removes a sub-
ject’s independence. However, physical therapy can enable a subject to regain their lost
functionalities, allowing them to once again perform ADL (Dam et al., 1993; Smith et al.,
1981).
Without rehabilitation, a subject with stroke will suffer deterioration of muscle strength,
which can lead to spastic, uncontrollable movements; lessened sensory awareness on their
affected side; or unnatural, compensatory joint movements to perform a given task. Per-
forming functional activities during rehabilitation is required for a fast and successful re-
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covery. It has been shown that the brain can produce new neural pathways needed for the
relearning of ambulation and upper extremity motion (Dam et al., 1993).
The field of assistive robotic devices is expanding due to multiple factors: traditional stroke
rehabilitation is labour intensive and the need for care is increasing with the increasing
age of the population. Traditional rehabilitation is time consuming and labour intensive,
especially the rehabilitation of a subject’s gait. Typically, at least three therapists are re-
quired to manually manipulate a subject’s torso and lower extremities to enable the subject
to produce ambulation. This process can result in a costly rehabilitation. With the age of
the population increasing, and the demand for an improved quality of life for the elderly
and disabled, the expected shortage of health care professionals is predicted to increase
the research efforts into producing affordable and more widely available assistive robotic
devices (Gelderblom et al., 2009).
Assistive robotic devices can reduce the time and physical exertion required for a thera-
pist, allowing more intensive, repetitive training while reducing the therapy cost. Robotic
devices can also provide quantitative motor level recovery measurements and ambulation
patterns, permitting an easier measure of subject recovery (Dı́az et al., 2011).
Electromyography (EMG) can be incorporated into assistive robotic devices to enable
patient-driven intention-based control. EMG is the technique applied to measure the bio-
electrical signal produced from a subject’s volitional muscle contraction (Basmajian &
De Luca, 1979). When EMG is incorporated with assistive robotic control, patient inter-
action can increase (Kawamoto & Sankai, 2002) and support a more natural unconscious
interface (Sankai, 2010). The bioelectrical signals occur 2–3 ms before a muscle contraction
(Basmajian & De Luca, 1979), allowing synchronous device and subject motion (Kawamoto
et al., 2003).






Figure 2.1: The motor unit, consisting of several muscle fibres innervated by a single axon,and its associated alpha motor system (Basmajian & Szatmari, 1955).
2.2 Neuromuscular System
The neuromuscular system is comprised of muscles and the associated innervating nerves.
This system establishes the link between brain activity and movement produced by muscle
contraction.
2.2.1 Motor Units and the Nerve Action Potential
The motor unit and its associated alpha motor system are the basic level of the nervous sys-
tem organisation of the muscle (Patton & Thibodeau, 2010; Reece et al., 2011). This system
consists of the lower motor neuron, its axon and the various muscle fibres it innervates,
Figure 2.1. The number of muscle fibres innervated by a single motor unit can range from
100, in the hand, to 2000, in the lower limb (Buchthal & Schmalbruch, 1980). When a mus-
cle contracts, initially the smallest motor units are recruited, but as the exertional demand
increases, the synaptic drive and excitatory potential firing rates increase, resulting in the
recruitment of larger motor units and increased contraction strength (Cram, 1998).
When the spatial and temporal summation of excitatory potentials received by the neuron
is above its threshold, cell body depolarisation is initiated, triggering the production of a












TimeFigure 2.2: Nerve action potential due to excitatory potential summation above the neuron’sthreshold. Based on figure from (Patton & Thibodeau, 2010).
nerve action potential, Figure 2.2. Voltage gated ion channels located in the axon control
the flow of nearby ions, where the state of the ion channel (open or closed) is controlled
by its electric potential. Depolarisation of the cell body opens the sodium ion voltage gated
channels, resulting in an inrush of sodium ions due to electrical and diffusion forces. This
causes a chain reaction, opening the next closest sodium ion voltage gated channel. The
same spatial and temporal summation of excitatory potentials that opened the sodium ion
voltage gated channel, also cause potassium ion voltage gated channels to open. However,
these channels have a slower response time than the sodium ion channels. The potassium
ions in the membrane get driven out of the cell due to electrical and diffusion forces, hyper-
polarising the membrane potential. This process of depolarisation and hyperpolarisation
produces the nerve action potential.
The axon connects to multiple muscle fibres, creating neuromuscular synapses. When
the nerve action potential reaches a synapse, the neurotransmitter, acetylcholine (ACh), is
released into the junction. The release of ACh causes a charge to travel along the cell
membrane. Transverse tubules extend into the cell membrane, allowing the charge to
penetrate the cell membrane and open the pores of the sarcoplasmic reticulum, releasing
calcium ions (Ca++), Figure 2.3. The branched axons vary in length and diameter, affecting
the time required for the nerve action potential to reach the neuromuscular synapses.






Figure 2.3: A nerve action potential causing the release of acetylcholine (ACh) at the neu-romuscular junction, resulting in the sarcoplasmic reticulum releasing calcium ions (Ca++)to initiate a muscle contraction. Modified from (Patton & Thibodeau, 2010).
The varied transmission periods result in asynchronous activation of the muscle fibres,
producing smooth muscle contractions.
2.2.2 Muscle Composition
Skeletal muscles are comprised of a series of small compartments known as muscle fas-
cicles, which are situated along the same direction, separated and protected by connective
tissue, (Andersen, Schjerling, & Saltin, 2000; Patton & Thibodeau, 2010; Reece et al., 2011).
Each muscle fascicle contains a series of muscle cells (muscle fibres), which are made up
from clusters of myofibril, Figure 2.4. Each myofibril contains segments called sarcom-
eres, which are made up of overlapping myosin and actin filaments. The myosin and actin
filaments produce the movement to create the muscle contraction. This layout is the basic






Figure 2.4: Muscle composition showing the series of components which make up a skele-tal muscle. Modified from (Andersen et al., 2000).
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Myosin is a thick filament containing molecules with globular heads, and actin is a thin
filament composed of two molecules which spiral around each other, Figure 2.5. The
myosin heads attach to binding sites located on the actin to produce a contraction force.
This phenomenon is characterised by the sliding filament model (Hodgkin & Huxley, 1952;
Huxley & Niedergerke, 1954). When the muscles are not contracting, the actin-myosin
binding sites are covered by tropomyosin, a protein that is spiralled around the actin. The
tropomyosin have regulatory proteins, troponin, that trigger muscular contractions when
the calcium ions bind to them.
The myosin and actin filaments are negatively charged, mutually repelling each other. The
myosin heads have a single adenosine triphosphate (ATP) molecule attached to it. When
calcium attaches to the troponin, the tropomyosin changes shape, revealing the actin-
myosin binding sites. The strong positive charge of the bonded calcium ions attract the
negatively charged myosin filament. This chemically induced electromagnetic attraction
forces the two filaments against each other, flattening out the myosin head and producing
the ratcheting effect of the sliding filament model. The erection of the myosin depletes the
ATP, resulting in adenosine diphosphate (ADP). To maintain the ratcheting effect, increas-
ing the muscles fibres contraction strength, another ATP molecule binds to the myosin
head and the process of flattening the myosin head against the actin-myosin binding site
continues. Once the calcium ions have been freed from the troponin, the tropomyosin
changes back to its original shape, blocking the actin-myosin binding sites and stopping
the muscle contraction. This results in both filaments becoming negatively charged and
repealing each other once again.
2.2.3 Motor Unit Action Potential
The release of ACh at the neuromuscular synapse produces a motor unit action potential
(MUAP). Repeated firing of the motor unit results in the repeated release of ACh, resulting
in a motor unit action potential train (MUAPT). EMG records the spatial summation of
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Time (ms)Figure 2.6: Summation of motor unit action potential trains (MUAPTs) to produce thebioelectric signal measured using an EMG device (Cram, 1998).
continuous MUAPTs (Basmajian & De Luca, 1979), Figure 2.6. A MUAP from a single
muscle fibre is difficult to record, since motor units typically overlap their fibre territories
spatially. The cross-sectional area of the muscle fibre is 10–30 times smaller than the cross
sectional area of the motor unit territory (Brandstater & Lambert, 1973; Buchthal, Erminio,
& Rosenfalck, 1959). Therefore, a single MUAPT can only be measured during very weak
muscle contractions, when very few fibres are recruited (Basmajian & De Luca, 1979). The
amplitude of the bioelectrical signal detected at the skin surface using EMG ranges from
microvolts to millivolts (Basmajian & De Luca, 1979; De Luca, 2002), and is a function of the
adipose tissue, muscle tissue, muscle fibre diameter, and the distance between the muscle
fibre and the electrode recording site.
CHAPTER 2. LITERATURE REVIEW 16
Figure 2.7: Raw sEMG captured from three able-body subjects performing multiple con-tractions of the biceps brachii. Note the difference in the vertical axis scales.
2.3 Surface Electromyography (sEMG)
Surface electromyography (sEMG) is the non-invasive technique of measuring the bioelec-
trical activity of the skeletal muscle at the skin surface, Figure 2.7. Bioelectrical instru-
mentation measures a differential potential between the recording electrodes with respect
to a reference electrode. The most common electrode configuration in sEMG, the bipolar
electrode configuration, uses two recording electrodes and the reference electrode. The
recording electrodes are placed above the muscle of interest, and the reference electrode
is best placed above an electrically neutral site on the subject (providing a more stable
reference potential) for example, over a bony prominence (De Luca, 2002).
An electrode in contact with a human produces an electrode-electrolyte interface, resulting
in a direct current (DC) offset known as a half-cell potential (Thakor, 2015). The magni-
tude of the half-cell potential is dependent on the electrode material and the electrolyte
medium. Typically, adhesive electrodes with an electrolyte medium (wet electrodes) are
used for sEMG. The most commonly used wet electrode is silver-silver chloride (Ag/AgCl),
since its chemical composition is less sensitive to electrolyte concentration and has a low
half-cell potential (Pacela, 1967). However, wet electrodes have their limitations: they are
single use, need to be replaced every few days during long term monitoring, and have
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large adhesive surfaces. Therefore, wet electrodes can be expensive, and they typically
necessitate large interelectrode distances (≥ 20 mm), resulting in less sensitive recordings.
Dry electrodes consist of conductive material without an electrolyte medium. Dry elec-
trodes are becoming more popular due to being multi-use, having the ability of being used
for long-term monitoring, and they can have small interelectrode distances. However, the
trade off with dry electrodes is an increased electrode-skin impedance and a less stable
half-cell potential resulting from naturally occurring electrolytes, such as sweat.
Surface electromyography has been used for subject intention estimation, force estimation,
limb angle estimation and determining the level of muscle activation (Chandrapal, 2012;
Sankai, 2010). However, the challenges associated with sEMG must be well understood
to produce a device capable of performing usable biofeedback. The two main challenges
with sEMG are electrical noise and bioelectrical crosstalk.
2.3.1 Electrical Noise
Electrical interference recorded during sEMG due to changing external electrical and mag-
netic fields is typically attributed to magnetic induction, and capacitive coupling of the sub-
ject and electrode leads to the mains supply (Huhta & Webster, 1973; Metting van Rijn et
al., 1990; Webster, 2009; Winter & Webster, 1983b).
Magnetic induction
Magnetic induction produces an electromotive force (EMF) around a conduction loop when
a changing magnetic flux density passes through the loop (Huhta & Webster, 1973). A con-
duction loop is formed between the bioelectrical recording device, electrode leads and
human subject, Figure 2.8. Assuming a constant loop orientation and magnetic field fre-
quency, the peak induced EMF is proportional to the magnitude of the flux density, and
loop area,





dt AC Magnetic field
Figure 2.8: Conduction loop formed with the recording device, electrode leads and humansubject. Modified from (Huhta & Webster, 1973).
EMFpeak = K · BM · A , (2.1)
where BM is the magnetic flux density caused by the alternating current (AC) of the mains
supply; A is the loop area produced by the recording device, electrodes and human subject;
and K is a proportionality constant that is a function of conduction loop orientation and
magnetic field frequency.
To limit the interference associated with magnetic induction, the magnetic flux density or
the loop area must be reduced. To minimise magnetic flux density, magnetic shielding must
be implemented for the entire conduction loop area. As this is impractical, the conduction
loop area is reduced by using twisted electrode leads, Figure 2.9.
Capacitive coupling of the human body
In built-up environments, the human body is capacitively coupled to the mains power
supply and ground, causing the flow of displacement and conduction currents, resulting in
interference potentials (Huhta & Webster, 1973; Metting van Rijn et al., 1990; Webster, 2009),
Figure 2.10, where Vmains is the 240 V 50 Hz mains supply, VAB is the total differential-mode
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interference, Cpow is the capacitive coupling between the subject and mains supply, Cbody
is the capacitive coupling between the subject and ground, CA is the capacitive coupling
between electrode lead A and the mains supply, CB is the capacitive coupling between
electrode lead B and the mains supply, CISO is the stray capacitance of the bioelectrical
instrumentation device when it is isolated from mains ground (which is typically a larger
impedance than that caused by Cbody (Winter & Webster, 1983a)), Ibody is the conduction
current flowing into the subject’s body, IleadA is the conduction current flowing through
electrode lead A, IleadB is the conduction current flowing through electrode lead B, ZA is
the impedance of recording electrode A, ZB is the impedance of recording electrode B,
ZR is the impedance of reference electrode, ZIA and ZIB are the common-mode input
impedances of the bioelectrical instrumentation device.
Typical values for Cpow and Cbody are 3 pF and 300 pF, respectively (Huhta & Webster, 1973;
Winter & Webster, 1983b). This causes typical interference currents of 0.3µApk−pk to flow
through the body. However, the size of the interference current is determined by how
close the subject is to power sources and grounded objects (Winter & Webster, 1983b).
The interference current flowing through the subcutaneous skin layer causes differential-
mode and common-mode interference potentials. The resistance of the subcutaneous layer
(a) Large conduction loop area. (b) Reduced conduc-tion loop area.
Figure 2.9: Conduction loop area reduction due to implementing twisted electrode leads.Modified from (Huhta & Webster, 1973).
















Figure 2.10: Bioelectrical instrumentation input source interference.
ranges from 20Ω throughout the torso, to 400Ω through the arm, therefore, interference
currents entering the body through various locations produce different potentials through-
out the body (Huhta & Webster, 1973).
The differential-mode interference potential is detected at the recording electrodes and am-
plified by the bioelectrical instrumentation. The differential-mode interference potential is
a function of the differential subcutaneous resistance between the recording electrodes,
∆ZS (which is dependent on the interelectrode distance and recording site), and the inter-
ference current,
VABBODY = Ibody ·∆ZS . (2.2)
A common-mode voltage is also produced from the displacement current flowing through
the body. When the interelectrode distance is small, ∆ZS is negligible in comparison to
the reference electrode impedance. Therefore, the common-mode potential is quantified
as,
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VCMBODY = Ibody · ZR . (2.3)
A typical displacement current of 0.3µApk−pk , an approximate differential subcutaneous
resistance of 25 Ω (Rosell, Colominas, Riu, Pallas-Areny, & Webster, 1988) and a reference
electrode impedance at mains frequency of 100 kΩ results in 7.5µVpk−pk and 30 mVpk−pk
differential- and common-mode interference potentials, respectively,
VABBODY = 0.3×10−6 × 25 = 7.5µVpk−pk , (2.4)
VCMBODY = 0.3×10−6 × 100×103 = 30 mVpk−pk . (2.5)
Depending on the many factors that dictate the amplitude of the bioelectrical signal, this
level of differential-mode interference can result in a low signal-to-noise ratio (SNR), re-
ducing the efficacy of bioelectrical signals being used for many uses, such as control.
This level of common-mode interference is low. However, a portion of common-mode in-
terference is typically transformed into differential-mode interference due to the non ideal
properties of the bioelectrical instrumentation device, increasing the differential-mode in-
terference (Winter & Webster, 1983b). Large variations of Cpow and Cbody are common,
resulting in coupling capacitances up to three times larger (Huhta & Webster, 1973; Met-
ting van Rijn et al., 1990), leading to proportionally larger interference potentials.
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Capacitive coupling of the electrode leads
Electrode leads transmit the bioelectrical signal from the recording electrodes to the bio-
electrical instrumentation device. The electrode leads are capacitively coupled to the mains
supply (Huhta & Webster, 1973; Metting van Rijn et al., 1990; Webster, 2009), Figure 2.10.
Since the input impedance of the bioelectrical instrumentation device is orders of magni-
tude larger than the electrode-skin impedance, the capacitive coupling causes conduction
currents (IleadA,B ) to flow into the electrode leads and to ground through Cbody and ZR in
series with CISO. The conduction currents produce a potential on each electrode lead,
VleadA = ZA × IleadA + (IleadA + IleadB )ZR , (2.6)
VleadB = ZB × IleadB + (IleadA + IleadB )ZR . (2.7)
Typically, sEMG electrode leads are the same length and twisted together, therefore, it is
assumed the conduction currents are equal, IleadA = IleadB = Ilead. Using this assumption,
the differential- and common-mode interference potentials due to capacitive coupling of
the electrode leads to mains supply can be estimated,
VABLEAD = (ZA − ZB) Ilead , (2.8)
VCMLEAD = (ZA + ZB) Ilead2 + 2 · Ilead · ZR . (2.9)
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Huhta and Webster (1973) measured displacement currents caused by capacitive coupling
of electrode leads to the mains supply, “In a typical experiment, a single 3-m length of num-
ber 20 [0.81 mm] unshielded wire picked up 6 nA (1 nA = 10−9 A) of displacement current
under poor recording conditions (ac cords and equipment nearby)”. Therefore, a 6 nApk−pk
conduction current will be used for Ilead.
Electrode-skin impedance can range from 1 kΩ up to 100kΩ at mains frequency when wet
electrodes are used (Huhta & Webster, 1973), leading to typical electrode-skin impedance
imbalances of 10–20 kΩ (Grimnes, 1983; Huhta & Webster, 1973; Metting van Rijn et al.,
1990). However, impedance imbalances as large as 58kΩ can occur (Olson, Schmincke,
& Henley, 1979). Using Equation 2.8 with an electrode-skin impedance imbalance of 20 kΩ
and a conduction current of 6 nApk−pk , a differential-mode interference of 120µVpk−pk is
produced (Metting van Rijn et al., 1990; Webster, 2009),
VABLEAD = 20×103 × 6×10−9 = 120µVpk−pk . (2.10)
Using Equation 2.9 with recording and reference electrode-skin impedances of 100 kΩ in
the presence of a 6 nApk−pk conduction current will produce a common-mode interference
of 2 mVpk−pk,
VCMLEAD = (100×103 + 100×103)× 6×10−92 + 2 · 6×10−9 · 100×103 = 2 mVpk−pk . (2.11)
Capacitive coupling of the electrode leads to the mains supply is a large source of differential-
mode interference. Typically, electrode leads are shorter than 3m, decreasing the con-
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duction current through the electrode leads. However, electrode-skin impedance imbal-
ances as high as 58 kΩ can be present when using wet electrodes, increasing the resulting
differential-mode interference potential.
It is becoming popular to use dry electrodes, resulting in electrode-skin impedances up
to 2 MΩ at 57 Hz (Searle & Kirkup, 2000). A larger electrode-skin impedance can result
in larger electrode-skin impedance imbalances, leading to increased differential-mode in-
terference. Although the differential-mode interference is large, the associated common-
mode interference is small.
Half-cell potential
Bioelectrical instrumentation produce a differential recording between multiple electrodes.
However, the half-cell potential produced by each electrode-skin interface is typically a
different magnitude (Pallas-Areny, Colominas, & Rosell, 1989), resulting in a differential-
mode DC offset that can be larger than the bioelectrical signal. A large DC potential
requires a lower differential gain, which is further limited for low voltage systems (Spinelli,
Pallas-Areny, & Mayosky, 2003). A low differential gain limits the common-mode rejection
ratio (CMRR), and therefore, the SNR.
Potential divider effect
An imbalanced source or input impedance can result in common-mode interference being
converted to differential-mode interference. This phenomenon is known as the potential
divider effect (Huhta & Webster, 1973; Metting van Rijn et al., 1990; Pacela, 1967). The
interference potential at each recording electrode due to the potential divider effect is,
VACOM = VCM [ ZIAZIA + ZA
]
, (2.12)
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VBCOM = VCM [ ZIBZIB + ZB
]
. (2.13)
The amount of differential-mode interference caused by the potential divider effect, VABCOM ,
can be estimated. Two assumptions are applied: bioelectrical instrumentation common-
mode input impedance is balanced (ZIA = ZIB = ZI ) and the electrode-skin impedances
are far less than the bioelectrical instrumentation input impedance. Applying these as-
sumptions, the differential-mode interference caused by the potential divider effect is,
VABCOM = VCM × ZI [ ZB − ZAZA × ZB + ZI (ZA + ZB) + Z2I
]
, (2.14)
VABCOM = VCM [ZB − ZAZI
] (ZA,B  ZI ) , (2.15)
where VCM is the sum of the common-mode interference potentials produced from ca-
pacitive coupling of the human body (Equation 2.5) and the electrode leads to the mains
supply (Equation 2.11),
VCM = VCMBODY + VCMLEAD = 32 mVpk−pk . (2.16)
Typically, the bioelectrical instrumentation device uses an instrumentation amplifier, with
a typical common-mode input impedance of Ri||Ci = 100 GΩ || 9 pF (Texas Instruments,
2018). A typical electrode-skin impedance imbalance of 20 kΩ at 50 Hz, in the presence
of a common-mode interference potential of 32 mVpk−pk, results in a differential-mode
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interference of 1.8µVpk−pk due to the potential divider effect,
VABCOM = 32×10−3 [ 20×103350×106
] = 1.8 µVpk−pk , (2.17)
where the input impedance magnitude at 50 Hz is,




]−1∣∣∣∣∣ = 1√ 1
R2 + (2πfc)2 = 350 MΩ . (2.18)
The differential-mode interference produced by the potential divider effect is lower than the
differential-mode interference caused by capacitive coupling. However, larger electrode-
skin impedances will increase common-mode interference and result in larger impedance
imbalances. These two factors increase the impact of the potential divider effect, reducing
the SNR and the ability to use sEMG for assistive device control.
Interference reduction
The total differential-mode interference due to capacitive coupling and the potential divider
effect is approximately 130µVpk−pk. This is calculated using,
VAB = VABBODY + VABLEAD + VABCOM ,
= 7.5×10−6 + 120×10−6 + 1.8×10−6 ,
= 130µVpk−pk .
(2.19)
Since the bioelectrical signal amplitude ranges from microvolts to millivolts, this level of
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interference can be larger than the bioelectrical signal. However, there are methods of
reducing this interference: shielded electrode leads, active electrodes, skin preparation,
filtering, right leg driver (RLD) and impedance bootstrapping.
The capacitive coupling between the electrode leads and the mains power supply can be
reduced. Shielded electrode leads reduce the coupling capacitance between the leads and
the power supply, reducing the coupled displacement current. However, the distributed
capacitance of the shielded cable reduces the input impedance of the bioelectrical instru-
mentation device, increasing the differential-mode interference produced through the po-
tential divider effect (Betts & Brown, 1976; Huhta & Webster, 1973; Metting van Rijn et al.,
1990; Webster, 2009).
The high impedance path to ground through the electrode-skin impedance that the coupled
conduction currents flow, can be reduced by implementing active electrodes. Active elec-
trodes have the recording electrodes and the bioelectrical differential amplification stage
designed into the same module. Therefore, the bioelectrical differential amplification stage
is attached directly above the muscle. Since the output impedance of the active electrode
is low, there is negligible interference produced from conduction currents in the single-
ended electrode lead (Huhta & Webster, 1973). However, active electrodes are not always
used as they are more expensive (Laszlo, Ruiz-Blondet, Khalifian, Chu, & Jin, 2014) and
typically have fixed interelectrode distances, limiting their use between different muscle
sites and recording techniques.
The interference current caused by capacitive coupling of the subject and electrode leads
to the mains supply can be reduced, limiting the resulting interference. Implementing a
grounded equipotential surface close to the AC source can be used to distort the electric
field, reducing the displacement currents by up to 90% (Huhta & Webster, 1973). How-
ever, implementing a grounded equipotential surface is not practical in every recording
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environment. Grounding the subject would provide the best common-mode interference
immunity. However, this can result in dangerous currents to flow through the subject.
The RLD was developed to reduce the effective reference electrode impedance, reducing
the amount of common-mode interference and limiting the impact of the potential divider
effect, while ensuring safe current flow through the subject (Winter & Webster, 1983a).
The RLD reduces common-mode interference by driving the reference electrode to the
inverted common-mode interference potential. However, a non-optimised design can limit
the amount of effective reference electrode impedance reduction.
The interference caused by electrode leads and the potential divider effect are a func-
tion of the electrode-skin impedance and its imbalance. Skin preparation reduces the
electrode-skin impedance, reducing the maximum possible electrode-skin impedance im-
balance (Searle & Kirkup, 2000). Skin preparation is achieved with methods ranging from
cleaning the skin with alcohol, to abrading the skin surface with sand paper (Betts & Brown,
1976). However, incorrectly or inconsistently performed skin preparation can increase the
impedance imbalance between electrode-skin interfaces, leading to large interference po-
tentials. Skin preparation can also be time consuming and lead to skin irritation (Betts &
Brown, 1976).
Due to the half-cell potential, the bioelectrical signal requires AC-coupling to mitigate
the DC offset. This process is typically performed post-differential amplification stage,
since implementating AC-coupling prior the differential amplification stage can degrade
the common-mode input impedance, increasing the interference due to the potential di-
vider effect (Spinelli et al., 2003). However, correct design of pre-differential amplification
AC-coupling can lead to higher differential gains, and therefore, a higher CMRR.
Increasing the common-mode input impedance of the bioelectrical instrumentation reduces
the impact of the potential divider effect. Impedance bootstrapping is used to increase







Figure 2.11: Impedance bootstrapped front end with series input capacitance (C2) for AC-coupling.
the effective input impedance without affecting the transfer function of the bioelectrical
instrumentation. Impedance bootstrapping is achieved using positive feedback (Betts &
Brown, 1976; Dobrev & Neycheva, 2011; Pallas-Areny et al., 1989; Pallás-Areny & Webster,
1990; Thakor & Webster, 1980), Figure 2.11. The addition of a series input capacitor can
be used to produce an AC-coupled bioelectrical instrumentation front-end (Pallas-Areny
et al., 1989; Pallás-Areny & Webster, 1990). Although the input impedance of bioelectrical
instrumentation can be increased using impedance bootstrapping, large impedances and
impedance imbalances of dry electrodes can still result in differential-mode interference.
Filtering is commonly used to reduce the remaining differential-mode interference. Typi-
cally, an analogue notch filter (Hardalaç & Canal, 2004), or post-processing is applied (Supuk
et al., 2014; Youn & Kim, 2009). However, filtering of mains and its harmonics also attenu-
ates the bioelectrical signal. Post-processing can increase processing power requirements
and decrease throughput rate, with the potential to impact real-time use.
Bioelectrical noise summary
The two main sources of bioelectrical interference are due to capacitive coupling of the hu-
man body and recording electrode leads to the mains power supply and ground. There are
multiple techniques used to reduce this bioelectrical interference: active electrodes reduce
the interference potential caused by coupled electrode leads, a RLD reduces the effective
reference electrode impedance, skin preparation reduces the electrode-skin impedance
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and its imbalance, and impedance bootstrapping can increase the bioelectrical instrumen-
tation input impedance. Each source of interference, and method of reduction, has a range
of impact, especially as not all interference reduction methods can be applied to all bioelec-
trical applications. Therefore, it is difficult to accurately quantify the level of interference
expected in the bioelectrical signal. Although there are multiple interference reduction
methods, impedance imbalances between electrode-skin interfaces still leads to interfer-
ence potentials being detected, and amplified by the bioelectrical instrumentation (Searle &
Kirkup, 2000). Therefore, to reduce the amount of interference in the bioelectrical signal,
the electrode-skin impedance should be balanced.
2.3.2 Crosstalk
Bioelectrical crosstalk detected with EMG is the phenomenon of one muscle’s signal
(crosstalk muscle) influencing the recording of another (muscle of interest). Crosstalk
is due to the spatially overlapping fibre territories, tissue volume conduction (Kilner et
al., 2002) and the extinction of the action potentials at the tendons (Basmajian & De Luca,
1979; De Luca, 1997; Farina et al., 2002). This phenomenon is greatest when muscles are
close together. Therefore, crosstalk in the forearm is expected to be more significant than
that in the leg (Kong, Hallbeck, & Jung, 2010). However, crosstalk is a still concern in gait
studies as it can lead to misinterpretation of the contraction force and activation timing
for muscles of interest (De Luca et al., 2012). Since intramuscular electrodes are more
sensitive to electrical activity in close proximity to the electrode site, surface electrodes are
expected to encounter larger crosstalk amplitudes than intramuscular electrodes (Cardillo,
Dresden, & Solem, 1998). However intramuscular electrodes are not a viable crosstalk
reduction method due to the added difficulty of their use (Selvanayagam, Riek, & Carroll,
2012). Therefore, it is difficult to separate the components of the bioelectrical signal into
crosstalk and signal of interest. Therefore, crosstalk interference is superimposed with
the target bioelectrical signal, producing the need for crosstalk reduction methods.
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Human tissue acts as a low pass filter, with the cut-off frequency decreasing as the distance
from the signal source to the skin surface increases. Bioelectrical crosstalk signals typically
originate further from the skin surface than target muscles. Therefore, crosstalk can be
low frequency and appear as common voltage (Basmajian & De Luca, 1979; Broman et al.,
1985; De Luca & Merletti, 1988). However, human tissue is anisotropic and inhomogeneous,
introducing a phase shift into the volume conducted signal components. This phase shift
distorts crosstalk signals, resulting in voltage gradients (Broman et al., 1985). These voltage
gradients due to crosstalk signal distortion need to be reduced.
Crosstalk contamination
There are two common methods used in literature to quantify crosstalk and its reduction:
correlation-based index and amplitude-based index. Correlation-based indices use a cor-
relation coefficient obtained from simultaneously measured target muscle and crosstalk
muscle (Kong et al., 2010; Mogk & Keir, 2003; Selvanayagam et al., 2012). Due to not need-
ing an uncontaminated signal without crosstalk, the correlation-based index is easier to use
(Kong et al., 2010). However, there is controversy as to whether a correlation-based index
can reliably quantify crosstalk (De Luca & Merletti, 1988; Farina et al., 2002). The phase
shift introduced to the volume conducted signal components may affect the ability to use
the correlation coefficient for quantifying crosstalk.
There are three commonly used amplitude-based indices for quantifying crosstalk: nor-
malised peak-to-peak amplitude, normalised average rectified value (ARV) and normalised
root mean square (RMS) (De Luca & Merletti, 1988; Farina et al., 2002; Van Vugt & Van Dijk,
2001). Amplitude-based metrics require an uncontaminated bioelectrical signal without
crosstalk for the normalisation process. This is typically achieved by measuring agonist
and antagonist muscles (Van Vugt & Van Dijk, 2001) or targeting particular muscles using
electrical stimulation (Selvanayagam et al., 2012).
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Crosstalk studies have measured large quantities and ranges of crosstalk contamination,
ranging from 4–60%. For crosstalk studies on the forearm, all muscles of interest detected
contamination. Crosstalk contamination of 11–25% was detected for digit-dedicated flexors
using the normalised RMS amplitude index. However, there was only 4% crosstalk contam-
ination when using a correlation-based index (Kong et al., 2010). A similar discrepancy was
also found in the wrist-dedicated extensors, 32–50% and 22% of crosstalk detected on the
muscles of interest for normalised RMS and correlation-based indices, respectively. Similar
levels of crosstalk contamination have been detected in other studies: 60% for flexor mus-
cles and 50% for wrist-dedicated extensor muscles using a correlation-based index (Mogk &
Keir, 2003) and 20–39.4% using a correlation-based index (Selvanayagam et al., 2012). These
studies highlight the potential inconsistencies that can arise using a correlation-based in-
dex for quantifying crosstalk contamination. Two crosstalk studies on the lower limb have
shown less crosstalk contamination and more consistency between the amplitude-based in-
dices. Crosstalk contamination detected on three muscles of the quadriceps ranged from
12.8–25.9% and 12.2–30.6% using a normalised peak-to-peak amplitude and normalised
ARV, receptively (Farina et al., 2002). Similarly, crosstalk detected on three sites on the
lower shank ranged from 5.0–19.4%, 5.4–19.9% and 5.0–18.4% for normalised peak-to-peak
amplitude, normalised ARV and normalised RMS, respectively (De Luca & Merletti, 1988).
These studies highlight the interchangeability of the amplitude-based indices, and outline
the severity of crosstalk contamination, which may lead to misinterpretation of contraction
force and activation timing for muscles of interest.
Crosstalk reduction
Crosstalk detection methods are relatively common; however, reduction techniques are
less applied and more complex. Due to the phase shift in the volume conducted sig-
nals, the frequency content cannot provide any indication of crosstalk, therefore, temporal
high-pass filtering cannot be used for crosstalk reduction (Farina et al., 2002). The blind
signal separation (BSS) algorithm (first proposed by Chan (1997)) removes noise when the
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Figure 2.12: High level schematic illustrating how the tripolar electrode configuration re-moves voltage gradients. Dashed lines highlight electrodes A, B and C, which are mea-suring 1, 2 and 3mV, respectively. Taking the difference between electrodes A and C withrespect to electrode B results in zero amplitude.
interference source is unknown. The BSS algorithm cannot be applied directly, as the
bioelectrical signals are not independent (Kilner et al., 2002). The weak synchronisation
that often occurs between motor units from different muscles voids this criterion. How-
ever, applying third-order mathematical differentiation achieves independent bioelectrical
signals. Unfortunately, the BSS algorithm only guarantees two recordings do not contain
common activity. Therefore, crosstalk contamination from unrecorded muscles cannot be
removed, leading to an increased number of recording electrodes which is undesirable in
some recording applications.
Another method of crosstalk reduction is the tripolar electrode configuration. The tripolar
electrode configuration uses three electrodes: one centre and two flanking. The config-
uration is designed to reject voltage gradients that are orientated along the axis of the
recording electrodes. A tripolar electrode records the average potential of the two flank-
ing electrodes with respect to the centre electrode. When a voltage gradient is recorded,
the average potential of the flanking electrodes should be the same as the centre elec-
trode. Therefore, the output of the bioelectrical instrumentation should have an amplitude
of zero, Figure 2.12. However, if a bioelectrical signal was detected at any single electrode,
the signal would propagate through the bioelectrical instrumentation without the voltage
gradient (Loeb & Gans, 1986).











VO = A− 2B+C







VO = 0.5 (A− 2B+C)
(b) Branched electrode configu-ration.
Figure 2.13: Two common tripolar electrode configurations used for crosstalk reduction(Van Vugt & Van Dijk, 2001).
Tripolar electrode configurations can be superior to bipolar electrode configurations (De Luca
et al., 2012; Koh & Grabiner, 1993; Van Vugt & Van Dijk, 2001). With a bipolar electrode
configuration, it is difficult to deduce whether the bioelectrical signal is a result of a local
source producing a higher potential at one electrode or a distant source producing a volt-
age gradient. Introducing the third electrode makes it possible to distinguish the difference
between these cases. However, tripolar electrode configurations have limitations.
There are two common types of tripolar electrode configurations: the double differential
(DD) and the branched electrode (BE). The two electrode configurations vary in the way
they are connected to the bioelectrical instrumentation, Figure 2.13. The DD electrode
configuration requires two extra instrumentation amplifiers than a conventional bioelectri-
cal instrumentation device. Initially, the configuration was designed to assist in estimating
the propagation speed of the MUAP (Broman et al., 1985). Due to non-delayed signals
(crosstalk) being present, it was difficult to determine two distinct measuring points within
the bioelectrical signal, resulting in abnormally large propagation speeds. The DD elec-
trode configuration permitted estimating MUAP propagation speeds that agreed with values
stated in literature, highlighting the performance of the DD electrode configuration.
The BE configuration uses the same bioelectrical instrumentation as the bipolar electrode
configuration. However, the flanking electrodes are directly connected (shorted) together.
When the BE configuration has twice the applied gain as the DD electrode configuration,
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they are mathematically identical and interchangeable (Koh & Grabiner, 1993; Van Vugt &
Van Dijk, 2001). The BE configuration is advantageous as it requires only a single instru-
mentation amplifier, therefore, it can be used with conventional bioelectrical instrumenta-
tion.
The centre electrode of the DD electrode configuration connects to two instrumentation
amplifiers. Therefore, the effective common-mode input impedance seen by the centre
electrode is half the common-mode input impedance seen by the flanking electrodes. The
flanking electrodes of the BE configuration are shorted together, halving the effective
electrode-skin impedance of the flanking electrodes. To not introduce an impedance im-
balance between the three electrode-skin interfaces, the centre electrode of both the DD
and BE configurations needs to have an impedance that is half that of the flanking elec-
trodes. As the electrode-skin impedance has an inverse relationship with electrode area
(Burns, 1950), the centre electrode needs to have a contact area twice that of the flanking
electrodes. However, impedance imbalances between the three electrode-skin interfaces
will still be present, where the potential divider effect will convert common-mode interfer-
ence into differential-mode interference.
Crosstalk reduction is difficult to quantify. The BSS algorithm can only guarantee the re-
sulting signals have no common activity. There is controversy about whether a correlation-
based index can be used, and the amplitude-based indices require an uncontaminated signal.
The BSS algorithm has been used for crosstalk reduction in the forearm (Kilner et al., 2002;
Kong et al., 2010), where only five muscles were measured in both studies. Although there
was no common crosstalk signals within the forearm flexors (Kong et al., 2010), there are
39 muscles in the forearm, each with the possibility of producing crosstalk (Kilner et al.,
2002). The DD electrode configuration has been used to obtain the “uncontaminated” sig-
nals required for the amplitude-based index (De Luca & Merletti, 1988). However, tripolar
electrode configurations do not completely remove crosstalk. This limitation is believed to
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be due to the different paths that the crosstalk signals travel to the three different record-
ing electrodes, introducing attenuation and phase lag, resulting in voltage gradients with
non-constant slopes. The DD electrode configuration resulted in 4.7–22.5% and 6.6–25.9%
residual crosstalk for normalised peak-to-peak amplitude and normalised ARV, respectively
(Farina et al., 2002).
The effects of interelectrode distance
Crosstalk contamination is a function of the interelectrode distance (De Luca et al., 2012;
Farina et al., 2002). Studies have shown that increasing the interelectrode distance of
a tripolar electrode configuration from 10 mm to 20 mm can double the crosstalk con-
tamination (Farina et al., 2002). Although decreasing the interelectrode distance reduces
crosstalk contamination, the bioelectrical signal also decreases, impacting the SNR. Studies
have shown that a 10 mm interelectrode distance is optimal for reducing crosstalk con-
tamination while maintaining a high bioelectrical SNR. However, the relationship between
crosstalk and interelectrode distance for the bipolar electrode configuration differs. An
increase in interelectrode distance from 12mm to 20 mm has been shown to have no im-
pact on crosstalk contamination (Koh & Grabiner, 1993), and an increase in interelectrode
distance from 10mm to 40 mm has been shown to result in a mean increase of crosstalk
contamination by 2% (Farina et al., 2002).
Crosstalk summary
Crosstalk contamination of EMG is the phenomenon of one muscle’s signal (crosstalk mus-
cle) influencing the recording of another (muscle of interest). Crosstalk contamination has
been recorded on many areas of the body, where up to 60% of the crosstalk muscle’s sig-
nal can be detected on the muscle of interest. There are two common crosstalk reduction
methods, the BSS algorithm and tripolar electrode configuration. The limitation of the
BSS algorithm is the need to simultaneously measure all sources of crosstalk for a com-
plete removal of contamination. The tripolar electrode configuration can reduce crosstalk
CHAPTER 2. LITERATURE REVIEW 37
without measuring the source of the crosstalk. However, the DD electrode configuration
only reduced the maximum mean crosstalk from 30.6% to 25.9% using the ARV amplitude
index.
2.4 Electrode-skin Interface
Electrical interference detected within bioelectrical signals is a function of the impedance
imbalance between multiple electrode-skin interfaces. The electrode-skin interface is an
electrochemical transducer with characteristics that exhibit non-linear frequency, temporal
and current-density characteristics that are dominated by the large and variable impedance
of the skin itself (Olson et al., 1979). However, an impedance imbalance of the electrode-
skin interface can be caused by both physiological changes in the subject and imperfections
related to the electrodes. This variation is often unpredictable (Grimnes, 1983; Olson et al.,
1979).
The physiological variability related to the subject can be due to perspiration, sweat glands
and ducts, the epidermis layer of the skin (Webster, 2009) or local changes in temperature
at the electrode site (Nag et al., 2015). The variability of the electrode can be due to
the fabrication process, resulting in electrodes with different surface properties and non-
homogeneous electrolyte medium (Nag et al., 2015).
Between applying the electrodes to a subject, and recording the bioelectrical signals, the
impedance of each electrode-skin interface changes and can continue to change, with
controversy about whether this alters the electrode-skin impedance imbalance (Grimnes,
1983; Pacela, 1967), or not (Olson et al., 1979). The electrode-skin impedance has an inverse
temporal and frequency relationship, except with heavily abraded skin, which exhibits an
increase in impedance over time. The temporal relationship is thought to be due to the
electrolyte medium seeping through the skin surface, shunting the skin impedance (Olson
et al., 1979). This theory explains why different electrolyte media result in different tempo-
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ral relationships. Therefore, repeated, simultaneous measurements of the electrode-skin
interface impedance is the most reliable and effective method to understand the impedance
behaviour (Grimnes, 1983).
2.4.1 Measuring the Electrode-skin Impedance
To measure the electrode-skin impedance, the magnitude and phase of the voltage across
the electrode-skin interface must be measured during the simultaneous application of an
excitation current. A minimum of three electrodes is required to measure the impedance
imbalance of a bipolar electrode configuration. There are two common methods used to
measure the electrode-skin impedance imbalance. The methods use either one or three
excitation paths. The triple excitation path method is accomplished by performing three
separate excitations (Almasi & Schmitt, 1970; Olson et al., 1979), producing three dependent
impedances, Figure 2.14,
ZAR = ZAC + RAR + ZRC , (2.20)
ZAB = ZAC + RAB + ZBC , (2.21)
ZBR = ZBC + RBR + ZRC , (2.22)
where ZAR , ZAB and ZBR are the combined electrode-skin impedances between electrode
A and the reference electrode, electrodes A and B, and electrode B and the reference
electrode, respectively; ZAC , ZBC , ZRC are the contact impedances of electrodes A, B, and
the reference electrode, respectively; and RAR , RAB and RBR are the combined subcuta-
























Figure 2.15: Electrode-skin interface impedances obtained using three excitation paths anda delta-wye transform.
neous resistances between electrode A and the reference electrode, electrode A and B,
and electrode B and the reference electrode, respectively.
As the subcutaneous resistance is orders of magnitude smaller than the electrode-skin
impedance, the imbalance associated with the subcutaneous resistance is assumed to be
negligible. Therefore, the impedance of each electrode-skin interface, ZA, ZB and ZR ,
Figure 2.15, is calculated using a delta-wye transform by inverting the matrix form of the
of the three dependent impedances,
















































The single excitation path method stimulates the recording electrodes while measuring the
voltage across each recording electrode with respect to the reference electrode, Figure
2.16. As negligible current flows through the reference electrode due to a high impedance
measurement device, the recorded electrode-skin impedance is independent to the refer-
ence electrode. The single-excitation method has the advantage of only requiring a single
excitation path. However, high input impedance custom hardware is required in addition
to an impedance analyser.
Although an impedance imbalance between the recording electrodes results in electrical





Figure 2.17: Electrode-skin impedance measured for ten subjects at ten locations on thebody (Rosell et al., 1988).
interference, there is limited research investigating the electrode-skin impedance imbal-
ance. The electrode-skin impedance is typically measured using an excitation frequency
sweep. The excitation frequency range is typically between 1–1000 Hz (Casal & Mura, 2016;
Grimnes, 1983; Olson et al., 1979), with some researchers measuring up to 1 MHz (Rosell et
al., 1988). However, the study that investigated higher excitation frequencies did not mea-
sure the electrode-skin impedance imbalance, but the electrode-skin impedance of one
electrode at ten sites over the human body. The electrode-skin impedance varies up to
1 MHz, and can have impedance values up to 1 MΩ at 1Hz for wet electrodes, Figure 2.17,
and double this for dry electrode pairs at mains frequency (Searle & Kirkup, 2000). The
excitation current used in measuring the electrode-skin impedance must be low to ensure
a linear response (Schwan, 1968). Excitation currents of 1 nA (Grimnes, 1983) to 25µA
(Almasi & Schmitt, 1970), and 100µA for frequencies above 10 kHz (Rosell et al., 1988) have
been used.
2.4.2 Modelling the Electrode-skin Interface
Modelling the impedance of the electrode-skin interface provides an understanding of
the impedance imbalance between multiple electrode-skin interfaces. The electrode-skin
interface was modelled as early as 1950 (Burns, 1950). However, there is still controversy
about what model to use. Two common models are the summed exponential and single















Figure 2.18: Schematic of the electrode-skin interface (a), characterised by the summedexponential model (b). The dashed segment is additional to the summed exponential model,and used to characterise the sweat glands and ducts for modelling the electrodermal re-sponse. Modified from (Webster, 2009).
exponential. These models are expected to characterise both wet and dry electrodes.
However, the parameter values used to characterise the electrodes will differ (Assambo,
Baba, Dozio, & Burke, 2007).
Summed exponential model
The summed exponential model is based on the physiological understanding of the hu-
man body and characterises the non-linear frequency behaviour of the electrode-skin in-
terface (Webster, 2009). The summed exponential model is comprised of two repeated
four-element segments, resulting in an eight-parameter model, Figure 2.18. Each segment
contains a DC potential, a series resistance and a parallel capacitive-resistive portion.
The first segment of the summed exponential model characterises the electrode and elec-
trolyte medium, where EHE represents the half-cell potential produced by the contact be-
tween the electrode and electrolyte medium; CD and RD characterise the impedance asso-
ciated with the electrode-electrolyte interface and polarisation effects. CD also captures the
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Figure 2.19: Cross-section of the human skin layers (Webster, 2009).
effects associated with the distribution of ionic charge at the electrode-electrolyte interface,
which is considered a double layer of charge; RS represents the resistance associated with
the electrolyte and its interference effects.
The second segment of the summed exponential model characterises the skin interface.
The skin interface, Figure 2.19, is more complicated than the electrode-electrolyte inter-
face. However it can be characterised using the same elements. The epidermis is the
outermost layer of the skin, and is comprised of three sublayers: the stratum corneum,
stratum granulosum and the stratum germinativum. The epidermis is constantly rebuilding
itself. Cells divide and grow within the stratum germinativum. As the cells grow, they are
displaced into the stratum granulosum. The cells begin to degrade, losing their nuclear
material as they pass through the stratum granulosum. The stratum corneum is formed
by these degenerating cells, producing the horny layer of dead material at the skin surface.
A differential ionic concentration across the semipermeable membrane of the epidermis
produces a potential difference, represented by ESE . The impedance of the epidermis
is characterised by the parallel network CE and RE . The resistance associated with the
dermis and subcutaneous layers is represented by the series resistance RU . An additional
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capacitive-resistive network can be used to characterise the sweat glands and ducts, EP ,
CP and RP in Figure 2.18. However, these components are usually only included when
considering electrodermal response (Webster, 2009).
Single exponential model
Removing the capacitive-resistive portion associated with the impedance of the epidermis,
CE and RE , results in the single exponential model. This process is biologically achieved
through skin preparation, reducing the affect of the stratum corneum (Webster, 2009).
However, attempts to model experimental data using the single exponential model have
not be successful (Assambo et al., 2007; Kaczmarek & Webster, 1989).
Constant phase element (CPE)
Capacitors cannot represent the frequency dependence of the electrode-skin interface
(Burns, 1950). Therefore, to achieve a more realistic behaviour, the constant phase element
(CPE) replaces the capacitor in the aforementioned models (Richardot & McAdams, 2002).
However, it is more complex and used less frequently. The impedance of the CPE, Figure
2.20, is defined as,
ZCPE(ω) = 1Q0 × (jω) β , (2.25)
where β is a dimensionless parameter, ranging from 0–1, that dictates the phase of the
CPE, φCPE = (−90 · β)◦. When β = 1, the CPE characterises a purely capacitive element,
when β = 0, the CPE characterises a purely resistive element. Q0 is referred to as the
Figure 2.20: Electrical symbol for the constant phase element (CPE).
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magnitude of the CPE, and is numerically equivalent to the admittance of the CPE at
ω = 1rad/s, otherwise it has a unit of S · sβ .
Modelling limitations
Modelling the impedance of the electrode-skin interface is a challenging task. Despite
skin preparation reducing the impedance of the stratum corneum, the single exponential
model cannot truly capture the characteristics of the electrode-skin interface (Assambo et
al., 2007; Kaczmarek & Webster, 1989), and ideal capacitors cannot capture the frequency
dependence of the electrode-skin interface (Burns, 1950). However, applying these assump-
tions produces a simple model that can assist in the early stages of modelling the interface.
The impedance of the electrode-skin interface can vary over the range of 1 Hz to 1 MHz,
with impedances ranging from 100 Ω to 1 MΩ for wet electrodes (Rosell et al., 1988). This
results in an interface with a large frequency and impedance span, increasing the difficulty
to accurately measure the electrode-skin impedance.
Electrode-skin impedance compensation
To be able to reduce electrical interference, the electrode-skin impedance should be bal-
anced using compensatory impedance. A single exponential model-driven method, using
resistive compensation has been developed (Nag et al., 2015). The compensation was ap-
plied to an electrode-electrolyte interface submerged in a saline solution. The exhaustive
search method was also implemented for resistive compensation on simulated data (Silva,
Naviner, & Freire, 2006). As the impedance of the electrode-skin interface is non-linear
with respect to frequency, the efficacy of resistive compensation is limited, and performing
compensation on simulated data, or an electrode-electrolyte interface removes the diffi-
culty inherent with biological interfaces, and cannot be used to balance the electrode-skin
interface. The exhaustive search method has also been used to balance a pair of electrodes
used during electrocardiography (ECG) measurements (Adli & Yamamoto, 1998). Initially
the electrical interference detected in the bioelectrical recording was approximately 11%
CHAPTER 2. LITERATURE REVIEW 46
of the signal, which was reduced to approximately 1% after balancing the electrodes. This
process was achieved by adding compensatory resistive-capacitive networks in series with
each electrode, where the resistors were manually tuned to limit the electrical interference.
Although this approach did reduce electrical interference detected in the bioelectrical sig-
nal, to produce a real-time system that is adaptable to changing environments, automatic
tuning of both resistive and capacitive portions is required
Electrode-skin impedance compensation can be performed using the common-mode inter-
ference. This can be achieved by balancing the input impedance of the bioelectrical instru-
mentation device with each electrode-skin interface (Parente et al., 2018; Yonce, 2005). This
method of compensation requires the decomposition of the bioelectrical signal, producing
in-phase and quadrature components. The in-phase component is obtained by multiplying
the bioelectrical signal with the common-mode interference, and the quadrature compo-
nent is obtained using the same method, but the common-mode interference is negated
and shifted by 90 degrees. The two components are low pass filtered and integrated,
producing in-phase and quadrature DC components. The in-phase component controls
resistive compensation, and the quadrature component controls capacitive compensation.
The compensation signals have been used to control the gain of voltage controlled ampli-
fiers (Yonce, 2005) and analogue multipliers (Parente et al., 2018), permitting the effective
input impedance to be manipulated.
These electrode-skin impedance compensation methods have limitations. As one technique
was published as a patent, (Yonce, 2005), the efficacy of the compensation was not published.
The other technique also implemented a 50 Hz notch filter (Parente et al., 2018). This makes
it difficult to verify the reduction in electrical interference due to electrode-skin impedance
balancing. However, this study emulated an impedance imbalance by temporarily reducing
the contact area of one electrode. This caused a large disturbance artefact, which is typical
of intermittent electrode connection loss. The amplitude of the disturbance reduced with
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time, indicating the success of the compensation network.
These compensatory methods manipulate the transfer function (voltage divider) between
the electrode-skin impedance and the bioelectrical instrumentation device. Manipulating
the impedance of the bioelectrical instrumentation device has the potential to alter this
transfer function. Since the electrode-skin impedance is unknown, the resulting transfer
function is also unknown, particularly for dry electrodes that realise large electrode-skin
impedances. Therefore, the frequency spectrum of the bioelectrical signals utilising these
methods can be attenuated by an unknown frequency dependent gain, limiting the ability
to use the frequency content of the bioelectrical signal for biofeedback. There is a need
for a system that measures the electrode-skin interface, compensates for the impedance-
imbalance between electrode-skin interfaces and determines the frequency dependent at-
tenuation applied to the bioelectrical signal. Combing this compensatory system with a
tripolar electrode configuration, may produce a bioelectrical device that can reduce elec-
trical interference and crosstalk contamination, resulting in improved bioelectrical signal
acquisition.
2.5 Summary
The limitations associated with EMG must be well understood to improve on current bio-
electrical instrumentation. There are many limitations that affect both short- and long-term
stability, where the main causes are crosstalk contamination and electrical interference.
Crosstalk is the phenomenon of one muscle’s signal influencing the recording of another.
This is due to spatially overlapping fibre territories, volume conduction and the extinction
of the action potential at the tendons. Tripolar electrode configurations are a common
method applied in the attempt to reduce crosstalk. Electrical interference is due to dis-
placement currents caused by capacitive coupling of the human body and electrode leads
to the mains supply. There are multiple techniques used to reduce bioelectrical interfer-
ence: active electrodes, RLD, skin preparation, and impedance bootstrapping. However,
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each cause of interference and method of reduction has a large range of impact, especially
as not all interference reduction methods can be applied to all bioelectrical applications.
Therefore, there is a need for a system that can further reduce electrical interference in
bioelectrical signals, while simultaneously implementing crosstalk reduction techniques.
Since electrical interference is a function of the electrode-skin impedance imbalance, bal-
ancing the electrode-skin impedance has the potential to increase bioelectrical signal quality
and specificity. This research aims to reduce the affect of impedance imbalances between
electrode-skin interfaces, by developing a system that can measure and characterise the
impedance of multiple electrode-skin interfaces, and applying a novel, non-linear compen-
satory network, in real-time, to balance the electrode-skin interfaces. The efficacy of the
compensation network will be validated by the means of crosstalk and electrical interfer-
ence reduction, with the attempt to verify that having balanced electrode-skin interfaces
results in higher bioelectrical signal quality. Therefore, three recording electrodes will be
used and balanced. Successful implementation would add to the existing body of work,
enhancing the capabilities of physiotherapy and rehabilitation.
To my knowledge, there has not been a study on how adding compensatory impedance to
balance multiple electrode-skin interfaces affects bioelectrical signal recording quality in




Bioelectrical instrumentation is used to measure weak bioelectrical signals. However, these
signals can be contaminated by several forms of interference: mains supply (common-
mode) interference, mains supply (differential-mode) interference due to common-mode
conversion, and crosstalk from endogenous sources in close proximity. The severity of
the electrical interference is a function of the impedance imbalance between electrode-skin
interfaces. To improve bioelectrical signal acquisition, the impedance between electrodes
should be balanced, and used to implement a tripolar electrode configuration. Although
electrode-skin impedance imbalance impacts many bioelectrical recording techniques, for
example, electromyography (EMG), electroencephalography (EEG) and electrocardiogra-
phy (ECG), this chapter focuses on the application to surface electromyography (sEMG).
Surface electromyography is the non-invasive technique applied to measure the bioelec-
trical signal produced by a contracting skeletal muscle. The bioelectrical signal is bipolar
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with an amplitude of ≤ 10 mVpk-pk, which contains its useful energy within the frequency
range of 0–500 Hz.
Commercial, research-level sEMG devices can be expensive, and are not open source
hardware, resulting in a device that must be treated as a black box, as it is difficult to deter-
mine the applied signal processing. To be able to quantify the impact of balancing multiple
electrode-skin interfaces, the signal processing architecture of the bioelectrical instrumen-
tation used to record the bioelectrical signals must be understood. Therefore, there is a
need for a high quality near-raw signal output, open signal processing architecture sEMG
device.
This chapter presents a low-cost, USD $112, open source active electrode sEMG design.
Although the device was designed to permit quantifying the impact of balancing multiple
electrode-skin interfaces, the open source device may also provide researchers access to
a raw bioelectrical signal, while saving time and money on sEMG device development.
However, the cost of production of the sEMG device is not comparable to commercial
devices, which have addition production, labour, and distribution costs.
3.1 Design Considerations
The sEMG device outlined in this chapter, Figure 3.1, consists of two silver bar electrodes,
a reference electrode, a pre-amplification stage, a low-pass filter, a high-pass filter in the
form of an AC-coupler, a right leg driver (RLD) to reduce common-mode noise, and an
analogue-to-digital converter (ADC). A high level schematic is outlined in Figure 3.2. The
sEMG circuit contains three subsystems: digital, power supply and analogue.
3.1.1 Digital System
With a device that involves an analogue-to-digital conversion, it is best to define the ADC
first. The bipolar signal has an amplitude of ≤10 mVpk-pk, containing its usable energy
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Figure 3.1: Custom open source sEMG device.
within 0–500Hz, but predominantly in the range of 50–150Hz (De Luca, 2002); therefore,
a minimum sampling rate of 1 kHz is required. The most suitable ADC architecture for
a low frequency, high precision signal is Σ-∆, as this type of architecture typically has a
high number of bits and implements oversampling.
As the signal is bipolar, there are multiple options for the ADC input method: single-
ended input ADC with a DC offset being applied to the signal; a differential input ADC,
by applying the bipolar signal to the inverting input, and a positive voltage to the non-
inverting pin to offset the differential voltage; or a true bipolar ADC. Applying a shift to
the bipolar signal without increasing the component count minimises the options. The
most feasible option is to apply a shift within the filtering stage; however, this requires the
filtering op-amps to have an asymmetric split power supply. Having an asymmetric split
power supply decreases the op-amps power supply rejection ratio and removes ADC input
voltage protection. Using the differential option is also limited as some ADC require the
individual analogue inputs to be within the supply voltage rails. This means that the ADC
requires a negative rail that matches the rest of the device and a positive rail that is twice
the analogue positive supply voltage. The method used to avoid increasing component
count, while ensuring the signal was within the ADC input limit is to use a true bipolar






















Figure 3.2: High level sEMG schematic.
ADC. The input signal is single-ended, but there are a greater number of options available
for differential input ADC.
To make the sEMG device adaptable to many projects, an ADC that can operate from either
3.3 V or 5V digital logic was beneficial. Ideally the serial interface would be I2C (fewer
wires), but SPI is the only option when applying the other ADC criteria. A Teensy 3.5 or
3.6 provides a suitable interfacing microcontroller, since it provides a fast and powerful
solution with on-board data storage (SD card), therefore, the sEMG device was designed
around the 3.3 V digital logic of the Teensy 3.6.
Analogue-to-digital converter (U1 :AD7768-1)
Analog Device’s AD7768-1 was the chosen ADC, and is configured in SPI mode to increase
device flexibility. The ADC pin connections are outlined in Appendix A, Table A.2. The
ADC has a programmable 64th order finite impulse response (FIR) filter, where both power
consumption and bandwidth are tunable. A 2.048 MHz CMOS clock is used as recommend
by the ADC manufacturer for lower power consumption (Analog Devices, 2018). The
output data rate (ODR) is a function of the master clock frequency, MCLK; master clock
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divider factor, MCLKdivider; and a decimation factor,
ODR = MCLKMCLKdivider ·Decimation = 2.048 × 1062× 1024 = 1000 Hz (3.1)
The FIR filter pass-band and cut-off frequency are a function of the ODR, Equations 3.2
and 3.3 respectively (Analog Devices, 2018). The ODR was chosen to be 1 kHz, meeting
the required minimum sampling frequency while producing a cut-off frequency of 433 Hz.
The next available sampling frequency is 2 kHz, resulting in a FIR filter cut-off frequency
of 860 Hz.
Passband = 0.4×ODR = 400 Hz (3.2)
Cutoff−3dB = 0.433×ODR = 433 Hz (3.3)
3.1.2 Voltage Supplies
The sEMG device operates from a single 5V supply. The voltage is split and regulated into
± 2.5 V and 3.3 V, producing the largest possible bipolar voltage range that permits both
3.3 V and 5V digital logic options. An advantage of the ADC is its capability to operate
from both 3.3 V and 5V digital logic. Switching the digital logic level requires changing
the CMOS clock, the IOVDD voltage (bypass the 3.3 V regulator), and the GPIO voltage
divider (outlined in Section 3.1.3); however, the current CMOS clock cannot be replaced
by an equivalent 5 V option as there is no 5 V device that shares the footprint. To make
this design more versatile, the CMOS clock footprint should be replaced by one that is
common to both 3.3 V and 5 V logic levels. Although changing the digital logic voltage has
not been tested, the ADC should operate correctly (Analog Devices, 2018).
Three on-board voltage regulators are required: -2.5 V, 2.5 V and 3.3 V. The 3.3 V regulator
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Table 3.1: Summary of voltage rail distribution. Coloured boxes correspond to integratedcircuits outlined in Figure 3.2.
Device -2.5V 2.5V 3.3V
Pre-amplification V- V+ ·
Quad op-amp V- V+ ·
Digital potentiometer VSS VDD ·
CMOS clock · · VCC
ADC AVSS, REF- AVDD1, AVDD2, REF+ IOVDD, PIN/SPI
from the ADP7104 family (ADP7104ARDZ-3.3-R7) was selected as recommended by the
ADC manufacturer. The remaining regulators must also operate from a 5V supply and
have a small form factor. As the sEMG device has a low current draw, inductor-less charge
pump regulators are the best option, and using separate regulators to provide the split
supply provides a larger range of solutions. This resulted in the use of the LTC1550LCMS8-
2.5 for the -2.5 V supply and the REG710NA-2.5/250 for the 2.5 V supply. Even though not all
parts of the device have been introduced yet, a summary of the voltage supply distribution
is outlined in Table 3.1.
3.1.3 Analogue System
The analogue system is comprised of three subsystems: pre-amplification, filtering and
adjustable gain. The pre-amplification system amplifies the difference of the bioelectrical
signal detected on the electrodes with respect to the reference electrode. The filtering stage
is comprised of a quad operational amplifier (op-amp) for the analogue signal processing.
A digital potentiometer is used to adjust the gain of the analogue signal.
Electrodes
The sEMG design has embedded silver bar recording electrodes, made from 1.0 mm di-
ameter 99.99% pure silver wire. The bar electrodes are 10 mm long with an interelectrode
distance of 10mm. A single-use clip-on self-adhesive silver-silver chloride (Ag/AgCl) elec-
trode placed on an electrically neutral part of the subject’s body is used as the reference
electrode, driven by the RLD.
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Pre-amplification (U3 : INA128U)
The pre-amplification of the differential signal with respect to the reference is performed
using an instrumentation amplifier. The differential voltage associated with the half-cell
potential produces approximately a 10 mV DC offset when adequate skin preparation is
performed. To prevent pre-amplification saturation, while providing head room for less
adequate skin preparation, the pre-amplifier gain is set to 50 V/V. The pre-amplifier is not
required to be rail-to-rail, as an AC-coupler circuit is used to remove DC offsets within a
± 2.5 V range, and the bioelectrical signal after pre-amplification has a maximum amplitude
of 0.5 V pk-pk (10 mV pk-pk× 50).
The INA128 was the selected instrumentation amplifier as it has the required performance:
high common-mode rejection ratio (CMRR) (110 dB minimum over the pass band), low
noise (10nV/√Hz in the pass band) and the common-mode input voltage range for a supply
voltage of ±2.5 V was ±0.5 V minimum. The resistance required to achieve a gain of 50 is
1020 Ω with the INA128. To provide a centre tap, permitting access to the common-mode
voltage needed for the RLD, two gain resistors of 510 Ω were used. A second generation
of this chip has been released (INA828); however, it has not been tested in this design.
Filtering (U2 : LT6204)
The signal conditioning process has three stages: RLD, AC coupler (HPF) and the low-pass
filter. A quad op-amp package provided a compact solution to implement all three stages.
The LT6204 quad op-amp package met the required performance: ±2.5 V power supply,
rail-to-rail for both input and output, unity gain stability, and a gain bandwidth product of
100 kHz. However, the LT6204 requires input bias current compensation.
Input bias currents can cause erroneous DC offsets. The bias current flowing through
an op-amp’s input resistance produces a voltage at the input terminals, biasing the input
voltage and producing a DC offset. To minimise erroneous voltage offsets, a compensation
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resistor that is equal to the parallel combination of the source and feedback resistance
is required. This will not remove all error associated with the input bias current as the
currents are not truly equal (input offset current 6= 0) and vary with temperature.
The RLD operates as a feedback loop with the subject, minimising interference by driving
the inverted common-mode voltage onto the subject. The RLD in this sEMG design follows
the design outlined in (Winter & Webster, 1983a). The quad op-amp has two pairs of
matched op-amps. A matched pair, op-amp A and op-amp D, are used for the RLD. As the
feedback resistance to the RLD is much greater than the input resistance, the input bias
current compensation resistor is equal to the input resistance.
The AC coupler is an integrating op-amp circuit providing feedback to the instrumentation
amplifier’s reference, removing DC offset while attenuating low frequency noise. The cut-
off frequency of the AC coupler is defined in the same way as a first order RC filter. A
21.2 Hz cut-off frequency was obtained by using a 10µF capacitor and a 750 Ω resistor. As
the AC coupler is comprised of only one resistive component, the compensation resistor
is equal to the filtering resistor (750 Ω).
A first order active low-pass filter with a cut-off frequency of 459 Hz was designed to meet
the anti-aliasing requirements of the ADC. The anti-aliasing filter has an adjustable gain of
4.74–68 V/V, resulting in a sEMG device gain of 237–3400 V/V. This range in gain ensures the
sEMG device can capture the maximum expected signal (10 mV pk-pk) while being sensitive
enough to capture weak contractions (91.9µV pk-pk with the equivalent resolution of a 20-
bit device).
Adjustable gain (U4 :AD5222)
The gain of the low-pass filter is tunable in real-time, producing a device that can record
over a range of muscles, contraction strength, and different adipose layer thicknesses.
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Figure 3.3: A voltage divider must be used to lower the logic levels from the ADC outputto prevent exceeding the maximum input voltage of the digital potentiometer, preventingpotential latch up.
The AD5222 was the only digital potentiometer that met the required performance: ± 2.5 V
power supply, ensuring the analogue signals do not saturate; controllable through the ADC
GPIO pins; and dual channel, permitting real-time tuning of both gain resistor and input
bias compensation resistor. The AD5222 comes in a 10 kΩ option; however, the resistance
tolerance is ± 30%. A digital logic voltage divider is also required as the maximum digital
input is 2.8 V.
The voltage divider was designed to meet two requirements: current draw and noise mar-
gins. The ADC GPIO can source 500µA, and the potentiometer’s digital input draws ±1µA.
The logic high output from the ADC (2.64–3.3 V) is required to be within the logic high input
range of the digital potentiometer (2.0–2.8 V), Figure 3.3. The divider network is formed
from a 39 kΩ and a 220kΩ resistor. The maximum current draw is 12.7µA and the digital
potentiometer input voltage range is 2.21–2.77 V, inclusive of the voltage associated with
the digital potentiometer’s input transistor bias current.
The digital potentiometer requires all four ADC GPIO pins, connections and functionality
outlined in Table 3.2. The digital potentiometer is configured as a rheostat, pin A and pin W
are tied together as a fail safe, prohibiting the filter from open loop gain.
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Table 3.2: Summary table for the AD5222 digital potentiometer connections, values in thesquare brackets indicates the logic level required to implement that function.
Pin No. GPIO Mnemonic Functions1 · B1 Channel 1 input2 · A1 Fail safe3 · W1 Channel 1 output4 · Vss Negative power supply5 · W2 Channel 2 output6 · A2 Fail safe7 · B2 Channel 2 input8 GND Analogue ground9 0 MODE Independent [1]/dependent [0] wiper control10 1 DACSEL Increment channel 1 [0] or channel 2 [1]11 2 U/D̄ Increase [1]/decrease [0] wiper position on CLK pulse12 3 CLK Increment channel(s) [pulse]13 · CS Chip select14 · VDD Positive power supply
3.2 Open Source Design Files
The sEMG device is publicly available from (Fortune, Pretty, Chatfield, McKenzie, & Hayes,
2019) under the open source license: CC BY–NC–ND 4.0. A summary of the available files
are outlined in Appendix A, Table A.1. The sEMG circuit was developed using Altium De-
signer (18.1.9, Altium Limited). As Altium is proprietary software, PDF schematics have also
been supplied, Appendix B. The Altium project .zip file contains the schematic library, PCB
library, compiled library, schematic files (Analog.SchDoc, Digital.SchDoc, Power.SchDoc),
the PCb project document and a rules file containing the design constraints for JLCPCB
(the chosen PCB manufacturer). Although not tested with this design, the open source
Altium2kicad package may convert the Altium files to open source cross platform KiCad
EDA (5.1.2, KiCAD) files. The STL file for the 3D printable sEMG housing is provided.
An example Arduino script that configures the on-board ADC registers, permits adjustable
gain and captures the ADC data is also provided. This example script was used to capture
the data for the results outlined in Section 3.4. Although proprietary software has been
used in the development process of this sEMG device, all files required to manufacture
and understand the operation of the product are supplied in an open source file format.
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Figure 3.4: Electrode position for recording from the biceps brachii. The white flat flexiblecable connects to the microcontroller. The black cable goes to the reference electrode onthe elbow.
3.3 Device Validation Methods
This study was approved by the Human Ethics Committee, University of Canterbury
(HEC 2019/68) and informed consent was obtained from each participant prior the ex-
periment. To validate the efficacy of the sEMG device, sub-maximal isometric contractions
were captured from the right biceps brachii for three able-body male subjects, aged 40, 26
and 24 years old respectively. The electrode position is shown in Figure 3.4.
Skin preparation was achieved by performing approximately 20 light uniform sweeps over
the biceps brachii using 600 grit sand paper, followed by sterilisation with 75% ethyl alcohol
wipes. A minimum period of two minutes was ensured before attaching the sEMG device
above the subject’s muscle belly. A 3M foam gel 2228 snap connector electrode, with a
15 mm diameter Ag/AgCl disc, and a 40x33 mm adhesive pad was used as the reference
electrode. The reference electrode was placed on the subject’s right elbow. The subjects
were seated and had their right arm placed on a desk, resulting in an elbow angle of
approximately 45 degrees from full extension. The subjects were instructed to perform an
isometric contraction lasting between 1–2 seconds, then rest for 1–2 seconds. This process
was repeated for 45 seconds, where subjects 1–3 performed 12, 16 and 21 contractions,
receptively.
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To be able to quantify the sEMG device’s characteristics, input referred signals are re-
quired. This involves converting the digitised voltage back to voltage representation data,
and removal of the applied amplification from the sEMG device.
The ADC on the sEMG device digitises the analogue voltage based on multiple built-in
constants and three user defined parameters (Analog Devices, 2018),
Data = [3× VINVREF × 221 −Offset
]
× Gain4 × 4, 194, 300242 , (3.4)
where VREF is the full-scale voltage, and Offset and Gain are 24-bit calibration variables.
Equation (3.4) was rearranged to convert the digitised data back into voltage representation
data,
VIN = [ Data × 4× 242Gain× 4, 194, 300 + Offset
] VREF221 × 3 . (3.5)
With the digital offset set to zero and the digital gain set to 1 (by setting Gain variable to
0xAAAAB4, 11,184,820 decimal), the digitised to voltage conversion is simply,
VIN = Data × VREF224 = Data × 5224 . (3.6)
To achieve an input referred signal, a known amplitude sinusoidal waveform was applied
to the sEMG device and used to determine the applied gain. A 10 mV, 30 Hz sinusoidal
waveform was produced using a Rigol DG1022U function waveform generator. The sEMG
device was interfaced with a Teensy 3.6 microcontroller. The Arduino (1.8.10) IDE was
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used to captured the data and transfer it to a computer over the serial interface.
Frequency spectral analysis was performed on the input referred signals using a single
sided fast Fourier transform (FFT) and a power spectral density (PSD) estimate using the
Welch’s averaged, modified periodogram method. The spectral analysis was performed
using MATLAB (R2017a, MathWorks), where a symmetric Hamming window and zero
padding with a factor of 8 was applied for the FFT and a symmetric Hamming window was
applied for the PSD. The PSD estimate was calculated by shorting the recording electrodes
together and connecting the RLD driver cable to one of the electrodes. As the sampling
rate of the sEMG was 1 kHz, the spectral range is DC–500Hz. The FFT algorithm was
applied to the entire raw sEMG data per subject.
3.4 Device Validation Results
The raw data for the three subjects, Figure 3.5, is publicly available from (Fortune, Pretty,
Chatfield, McKenzie, & Hayes, 2020), under the open source license: CC BY–NC–ND 4.0.
The FFT for the three subjects are shown in Figure 3.6, and the PSD for the sEMG device
is shown in Figure 3.7. Device characteristics are based on these results, Table 3.3. This
inexpensive open source sEMG device has a large full-scale input range, low baseline noise
and good interference suppression, resulting in a device that bridges the gap between high
quality sEMG and affordability.
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Figure 3.6: Fast Fourier transform (FFT) of the raw sEMG signal captured from the bicepsbrachii contraction of three able-body subjects: A, B and C are Subject 1, Subject 2 andSubject 3 respectively. Note the difference in the vertical axis scales.
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Table 3.3: sEMG device performance parameters.
Parameter Value UnitResolution 298 nVBandwidth 21.2–433 HzDimensions 44.5 x 31 mmGain Range 237–3400 V/VBaseline Noise ≤ 5.2, 3.4 typical µVrmsFull-scale Input 1.47–21.2 pk-pk mVADC Resolution 24 bitSkin preparation Abrasive RequiredSampling Frequency 1,000 Hz
3.5 Design Limitations
The sEMG device has been used in multiple studies, which has lead to understanding the
limitations of this design. As this sEMG design is open source, researchers can modify the
device to reduce its limitations.
The sEMG board has a 6 pin flat flexible cable (FFC) connector that provides power and SPI
transmission. The FFC style connector keeps the connection slim, but it means another
surface mount FFC connector must be used. If the sEMG design is to be used without mak-
ing a PCB that the microcontroller and FFC connector mounts to, a cable-adapter board
can be used (files supplied through Fortune et al. (2019)). The cable adapter board converts
the FFC style connector to a standard through hole male pin header with 2.54 mm spacing
(breadboard/vero board spacing). For the FFC to FFC connection, the longest tested ca-
ble was 457 mm (18 inch). However, when an STM32F407VGT6 microcontroller was used
instead of the Teensy microcontroller, a cable length over 203 mm (8 inch) resulted in sig-
nal degradation. If a longer cable is desired, terminating each SPI data line with a series
resistor will slow down the signal edges, improving signal integrity (Johnson, Johnson, &
Graham, 2003). When using the cable-adapter board, the jumper wires that connect to the
chosen microcontroller are required to be short, otherwise the transmission lines become
noisy, resulting in loss of data. The transmission line using the FFC to male pin header was
successfully tested using a 228 mm FFC and 50 mm jumper wires. Although the maximum
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length was not tested, it may be possible to have longer jumper wires without sacrificing
signal transition integrity.
The FFC connector has limited mating cycles, and does not provide strong strain relief,
therefore, if the transmission cable is expected to be removed regularly, or there is a
possibility that the transmission cable will be under tension, a different style connector
would be better suited.
The sEMG device would benefit from higher voltage power supply rails, permitting larger
half-cell potentials without reducing the pre-amplifier gain and degrading the CMRR. This
may permit recording bioelectrical signals without skin preparation. Another benefit of
higher voltage power supply rails is the greater range in digital potentiometers, with the
possibility of lower variable resistor tolerances, making the process of calculating the input
referred signals simpler and more accurate. However, higher voltage power supply rails
would require another dual rail voltage regulator, increasing the sEMG device’s cost and
possibly size.
The microcontroller is configured to retrieve the ADC data when it receives the RDY
signal. This signal is obtained on the DOUT (MISO) line, and combined with the digitised
bioelectrical signal. Although this was a suggested method by the ADC manufacturer for
a more compact design, breaking out an extra pin for simplicity is beneficial in this case.
The DRDY pin produces an independent signal that could trigger an interrupt when the
ADC is ready, increasing bioelectrical signal recording simplicity.
3.6 Summary
Surface electromyography design considerations are often outlined in literature; however,
as most sEMG designs are proprietary, design files are not available. This chapter has
outlined a low-cost, open source, active sEMG device, outlined its performance, and high-
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lighted its limitations. The sEMG device uses an active bipolar electrode configuration with
silver bar electrodes, implements a band-pass filter and a RLD, and the analogue signal
is digitised with a 24-bit sigma-delta ADC. These design choices results in a sEMG device
that has a form factor of 45mm x 30 mm, costs USD $112, has a resolution of 298 nV, a
baseline noise of less than 5.2µVrms, a signal bandwidth of 21.2–433 Hz and a sampling rate
of 1 kHz.
The aim of this study was to design an sEMG device that has high quality bioelectrical signal
acquisition with a known signal processing architecture. This study was not designed to
quantify the amount of electrical interference due to capacitive coupling of the human
body and electrodes leads to the mains supply, or the amount of crosstalk contamination
from endogenous sources in close proximity. Although the bioelectrical signals measured
during this trial resulted in low noise on the limited number of test subjects, abrasive
skin preparation was applied, limiting the impedance imbalance between electrode-skin
interfaces.
This sEMG device results in high quality bioelectrical signal acquisition with a known
signal processing architecture. Therefore, this sEMG device can assist in quantify the
impact of balancing multiple electrode-skin interfaces. To continue research on balancing
the electrode-skin interface, characterising the electrode-skin interface using time-domain
analysis will be performed, Chapter 4.
CHAPTER 4
Modelling the Step Response
of Electrode-Skin Interfaces
in the Time Domain
Electrodes are used in multiple medical sensing applications: electromyography (EMG),
electroencephalography (EEG) and electrocardiography (ECG). However, the data obtained
from these methods is affected by coupled electrical interference from environmental
sources, and crosstalk from endogenous sources. The severity of the electrical interference
is a function of the impedance imbalance between electrode-skin interfaces. Balancing the
impedance between electrode-skin interfaces using compensatory impedance may reduce
the effect of interference on these bioelectrical signals. Quantitative insight into optimising
the compensatory system could be acquired by characterising the electrode-skin interface.
As the impedance of the electrode-skin interface is time dependent, this characterisation
and compensation would be applied regularly in real-time during the recording process,
minimising the variability associated with each individual subject and recording session.
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4.1 Methods
To characterise the electrode-skin interface, a step input was applied to a bipolar electrode
pair. The voltage and current step response was used to estimate component values for a
single exponential model per electrode-skin interface.
4.1.1 Measuring Electrode-skin Interface Step Response
The step input was applied to the recording electrodes, and the step response was mea-
sured across one recording electrode (electrode B) with respect to the reference electrode
(electrode C), Figure 4.1: where VS(t) is a constant voltage source, switched at t = 0, to pro-
duce the voltage step input; A,B and C are the physical electrodes in contact with the skin
surface, producing three electrode-skin interfaces; RAX , RBX and RCX are the resistances
associated with the dermis and subcutaneous layers of the skin between the respective
electrodes; X is a common node connection for the resistances associated with the dermis
and subcutaneous layers of the skin; VBC(t) is the voltage step response measured across
electrode B with respect to the reference electrode as a function of time, produced using
an instrumentation amplifier; and RS is a current sense resistor, used in combination with
an instrumentation amplifier to produce the series current step response as a function of
time, I(t).
The voltage step response associated with electrode A is given by,
VAC(t) = VS(t)− [VBC(t) + VRS] , (4.1)
where VRS is the voltage across RS . Since the reference electrode is connected to a
high impedance input, no current flows through RCX and the reference electrode contact
impedance, ZCC . Therefore, the step response of each recording electrode is measured
















Figure 4.1: Electrode-skin interface voltage measurement across recording electrode Bwith respect to the reference electrode (electrode C).
across the electrode contact impedance (ZAC , ZBC ) and its associated dermis and subcuta-
neous layer resistance.
4.1.2 Electrode-skin Step Response Equation Derivation
The electrode-skin interface component values can be estimated from the measured step
response and the series current. A single exponential model is initially used for proof
of concept. The resulting circuit diagram is shown in Figure 4.2: where R1, R2 and C1
characterise electrode A, and R3, R4 and C2 characterise electrode B.
The Thévenin equivalent circuit of the single exponential model was derived, where C2 is
the load and RS is combined with R4 for simplicity. The Thévenin voltage is,
VT (t) = VS(t) R3R1 + R3 + R4 + ZC1||R2 , (4.2)
and the Thévenin impedance is,
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ZT = R3 (R1 + R4 + ZC1R2 )R1 + R3 + R4 + ZC1||R2 , (4.3)
where
ZC1||R2 = R2 1C1 s(
R2 + 1C1 s) =
1
C1
s + 1R2 C1 . (4.4)
The Thévenin equivalent circuit was used to derive a differential equation as a function of
the capacitive load voltage,
VT (t) = VZT (t) + VC2 (t) ,

















Figure 4.2: High level schematic of the circuit used to measure the step response of a bipo-lar electrode-skin interface after skin preparation. Olive rectangles outline the electrode-skin interfaces.
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which was used in conjunction with the Thévenin equivalent current to derive a differential
equation characterising the series current for the electrode-skin impedance model,
I(t) = IT (t) + IR3 (t) ,
= C2 d VC2 (t)dt + VC2 (t)R3 .
(4.6)
Simultaneously solving Equations 4.5 and 4.6, and adding the effect of the electrode series
resistance to the voltage, leads to general expressions that characterise the step response
of the electrode-skin interfaces. The voltage step response,
VBC(t) = V1 · e( −tτ1 ) + V2 · e( −tτ2 ) + V3 , (4.7)
and the series current step response is,
I(t) = I1 · e( −tτ1 ) + I2 · e( −tτ2 ) + I3 . (4.8)
The summed exponential form is expected due to the circuit being a series combina-
tion of two single exponential electrode-skin interface models. The general parame-
ters, P1 ∈ {V1 - 3, I1 - 3, τ1, τ2}, are characterised by non-linear expressions that consist of the
model component variables, P2 ∈ {R1 -R4, C1, C2} (the non-linear expressions which form
the general parameters are shown in Appendix C). Therefore, the non-linear behaviour of
the electrode-skin interfaces with respect to time is characterised in terms of the general
parameters, f1 (P1), and non-linear expressions formed using the model parameters, f2 (P2).
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4.1.3 Parameter Estimation Overview
Characterising a pair of electrode-skin interfaces using single exponential models results
in six components. Using the parameters from fitting experimental data to either the
voltage or current characterised by Equations 4.7 and 4.8, results in a underdetermined
system. Therefore, using both the voltage and current equations is required. However,
this produces eight independent parameters, P1, resulting in an overdetermined system.
Determining the eight parameter values and equating them to their respective model ex-
pressions,
VBC(t) = f1 (P1) = f2 (P2) , (4.9)
permits a non-linear system of solvable equations. Therefore, by applying a voltage step to
the system and measuring the response, P1 and P2 were determined using non-linear least
squares (NLLS) regression, utilising the trust-region reflective algorithm implemented in
MATLAB (R2017a, MathWorks). To reduce computation time and limitations associated
with local minima, a method for determining initial estimates for the NLLS regression was
developed.
4.1.4 Experimental Data Parameter Initial Estimation, P1
The series current waveform followed a general trend of an initial step response to an
amplitude of I ′, followed by exponential decay. The general trend of the voltage waveform
was an initial step response to an amplitude of V ′, followed by the four different decay
variations associated with the sum of two exponentials, Figure 4.3. Therefore, knowing the
specific shape of the voltage waveform assisted in producing initial parameter estimates.
A projected horizontal line at the offset of V ′ was used to determine if the data contained









Figure 4.3: The four possible decay variations associated with the sum of two exponentials,where V ′ indicates the amplitude of the initial step response.
a peak or trough. If the projected line intersected the waveform, the mean of the data
inclusive in the intersecting section was calculated, whereas if there was no intersection,
the mean of the data subsequent V ′ was utilised. The waveform was classified as containing
a peak if the mean was greater than V ′, whereas a trough was present if the mean was
less than V ′. As V ′ can be followed by an exponential increase, it is difficult to determine
the moment it occurs using only the voltage. However, it coincides with I ′, therefore,
t(I ′) = t(Imax) = t(V ′).
A good approximation of a single exponential system reaching steady state is the time
associated with five times the decay constant: this is related to the exponential function
reaching less than 1% of its initial value. This approximation is still adequate for a sum of
two exponentials. The initial estimates for the decay constants, τ1,2 , were a function of the
time associated with the peak/trough, and the inverse settling time, respectively. The steady
state mean was used for the initial estimate of the constant V3. The scaling factors for the
exponential bases, V1,2, were required to be less than the difference between the supply
voltage (or maximum recorded current) and steady state, therefore, half the difference was
used for V1,2 initial estimates. V1,2 have to be opposite signs to achieve exponential decay
and growth, therefore, the peak/trough identification during the waveform shape detection
method was used to determine the sign of V1,2.
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4.1.5 Model Parameter Initial Estimation, P2
Estimating the four resistances was achieved by analysing the system where the capacitive
components had zero effect: during the initial step response to V ′, and steady state. A
left-hand limit as time approaches zero was applied to Equations 4.7 and 4.8, forming
expressions that describe the initial voltage and current behaviour,
VBC0+ = limtÏ0+ VBC(t) = limtÏ0+
(





tÏ0+ I(t) = limtÏ0+
(




Applying f1(P1) and f2(P2) to Equations 4.10 and 4.11, produces a set of solvable equations
for the initial estimates of R1 andR4,
3∑
n=1 Vn = VS R1R1 + R4 , (4.12)
3∑
n=1 In = VS 1R1 + R4 . (4.13)
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Simultaneously solving Equations 4.12 and 4.13 produces independent equations for the
initial estimates of R1 andR4 as a function of P1,
R1 = ∑3n=1 Vn∑3
n=1 In , (4.14)
R4 = Vs − ∑3n=1 Vn∑3
n=1 In . (4.15)
An expression that describes the system’s steady state behaviour was derived by applying
a limit as time approaches infinity to Equations 4.7 and 4.8,
VBC∞ = limt→∞VBC(t) = limt→∞
(








I1 · e( −tτ1 ) + I2 · e( −tτ2 ) + I3) ,
= I3 .
(4.17)
Applying f1(P1) and f2(P2) to Equations 4.16 and 4.17, produces a set of solvable equations
for the initial estimate of R2,
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V3 = VS (R1 + R2)∑4
n=1Rn , (4.18)
I3 = VS 1∑4
n=1Rn . (4.19)
Simultaneously solving Equations 4.18 and 4.19 produces an independent equation for the
initial estimate of R2 as a function of P1 and the estimated parameter R1,
R2 = V3I3 − R1 . (4.20)
The total resistance can be obtained using the known voltage source, VS , and the calculated
steady state current, I3, permitting the derivation of R3. The estimates for R1–R4 contain
errors related to the parameterised values. However, these are good initial estimates for
solving for the model component values, P2, using NLLS regression.
A grid search method was implemented to estimate the capacitor values, as fitting the
data was sensitive to the initial estimate of the capacitor values. A linearly spaced grid
search was implemented; however, there was a larger number of local minima related to
the smaller capacitor values. Therefore, a logarithmically spaced grid search was used.
This reduced erroneous estimates and the limitations associated with local minima. The
minimum capacitance, Cmin, was set to 1 nF, and the maximum capacitance, Cmax, was set
to 900µF. A large capacitive range increased the possibility of finding a global minimum,
where literature of modelling the electrode-skin interface estimates the capacitance to
range from 10 nF (Rosell et al., 1988) to 6µF (Assambo et al., 2007).
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4.1.6 Model Parameter Value Estimation, P2
Using the estimated resistance values and the logarithmic capacitance grid search, NLLS
was used to solve for the six model variables, P2. For each element of the grid search,
the efficacy of the solution was quantified by substituting the estimated model values into
f1(P1). A normalised root mean square error (NRMSE) was calculated between the data
using f1(P1) and the raw data. The NRMSE was used as the NLLS exit criterion, where both
voltage and current had to be below a tolerance of 8× 10−3. This value was chosen after
examining the mean of the minimum NRMSE values for half the data sets and doubling
it. This approach was verified on the remaining data sets.
4.1.7 Experimental Methods
Data was obtained using three methods: simulation; physical, passive circuitry and human
subject. For the simulation and passive circuitry, a 10 V step was applied; however, the
current applied to the subject was limited to 300µA for safety.
Quite Universal Circuit Simulator (QUCS 0.0.19) was used to simulate the circuit and de-
velop the electrode-skin parameter estimation method. Ideal components with initially
discharged capacitors were used. Once the parameter estimation method was developed,
it was tested on passive circuitry, Figure 4.4. A bench-top Rigol DM3058LXI digital multime-
ter was used to measure each component, resulting in a 0.6% and 14% maximum tolerance
for the resistive and capacitive components, respectively. The measured component values
were used to define the test data sets for the simulation data, permitting comparisons be-
tween data types. The voltage across RS was measured using a Texas Instruments INA128
instrumentation amplifier and used to measure I(t). The step input was applied with an
Agilent 33522A wave generator and the response measured with a Tektronix DPO3014
Digital Phosphor oscilloscope.



















Figure 4.4: (a) Passive circuitry used to emulate the human electrode-skin interface usinga single or summed exponential model, where the dip switches allowed the componentvalues to be changed. (b) Equivalent circuit of the passive circuitry. (c) High level circuitschematic used to measure the step response of two single exponential models formedfrom the passive circuitry.
Ten data sets were obtained for both simulation and passive circuitry. The resistor values
ranged from 1 kΩ to 334kΩ and the capacitors ranged from 20nF to 8µF. Data set 8 was
arranged to mimic a balanced electrode-skin interface, with resistors of (41.5± 0.2) kΩ, and
capacitors of (6.75± 0.05)µF .
This study was approved by the Human Ethics Committee, University of Canterbury (HEC
2015/53/LR-PS). Data from one healthy subject (male, age 25) was collected for this study.
An electrical stimulator (McKenzie, Fortune, Chatfield, Stewart, & Pretty, 2018), was utilised
to apply a current to the electrode-skin interface above the biceps brachii muscle belly. The
area was stimulated eight separate times on the subject using Verity Medical Ltd reusable
25 mm diameter disk surface electrodes, constructed with a conductive carbon film and a
water based hydrogel. Skin preparation was achieved using 600 grit sand paper. The skin
surface was sterilised using USL medical alcohol pads, 70% isopropyl alcohol, and left for
a minimum of two minutes to dry. The Tektronix oscilloscope was used to record the data
at 5 kS/s.
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4.2 Results
Nine of the ten simulation and passive circuitry data sets resulted in accurate estimates,
Table 4.1, with a maximum error of 0.763% and 10.2% for simulation and passive circuitry,
respectively. The mean error per component was 0.076% and 3.49% for simulation and
passive circuitry, respectively. Data set 8 resulted in errors greater than 100%. This is
due to fitting curve constants to the square wave response of the balanced electrode-skin
interface, which means that the system is not uniquely identifiable. The efficacy of the
parameter estimation with respect to the raw data for data set 1 is shown in Figure 4.5.
Performing electrode-skin component estimation on a human subject was unsuccessful,
Figure 4.6. The data was recorded for 8.3 minutes, and the system did not reach steady
state, a requirement for the electrode-skin component estimation method to be successful.
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Table 4.1: Tabulated results for the ten data sets showing the accuracy of the simulated andphysical component electrode-skin parameter estimates.Data Set 1
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 1.00µF 1.00µF 1.05µF 0.040 5.30C2 6.80µF 6.80µF 6.74µF 0.044 0.926R1 28.0 kΩ 28.0kΩ 26.4kΩ 0.072 5.58R2 46.7kΩ 46.7kΩ 48.4kΩ 0.043 3.58R3 69.9kΩ 67.9kΩ 66.3kΩ 0.044 2.36R4 55.5kΩ 55.5kΩ 55.6kΩ 0.036 0.252
Data Set 2
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 672nF 672nF 653nF 0.030 2.81C2 6.70µF 6.70µF 7.04µF 0.044 5.12R1 27.0kΩ 27.1kΩ 27.2kΩ 0.078 0.484R2 46.8 kΩ 46.9kΩ 48.4kΩ 0.026 3.36R3 68.4kΩ 68.4kΩ 67.1kΩ 0.034 1.84R4 56.1kΩ 56.1kΩ 56.1kΩ 0.034 0.052
Data Set 3
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 672nF 673nF 656nF 0.089 2.35C2 6.70µF 6.70µF 7.39µF 0.030 10.2R1 47.3kΩ 47.5kΩ 47.8 kΩ 0.347 1.13R2 47.0kΩ 46.8 kΩ 48.2kΩ 0.243 2.68R3 47.2kΩ 47.2kΩ 45.3kΩ 0.032 4.16R4 47.2kΩ 47.2kΩ 48.4kΩ 0.066 2.57
Data Set 4
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 672nF 672nF 671nF 0.0298 0.164C2 6.80µF 6.80µF 7.36µF 0.0411 8.115R1 27.05kΩ 27.1kΩ 26.9kΩ 0.0776 0.477R2 46.8 kΩ 46.9kΩ 46.9kΩ 0.0256 0.026R3 68.4kΩ 68.4kΩ 65.2kΩ 0.0336 4.661R4 56.7kΩ 56.1kΩ 54.6kΩ 0.0339 2.552
Data Set 5
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 7.47µF 7.49µF 7.87µF 0.241 5.33C2 6.80µF 6.80µF 7.25µF 0.071 6.59R1 17.2kΩ 17.2kΩ 17.8 kΩ 0.195 3.33R2 23.4kΩ 23.4kΩ 22.1kΩ 0.258 5.68R3 27.9kΩ 27.9kΩ 25.9kΩ 0.038 7.23R4 25.6kΩ 25.6kΩ 25.7kΩ 0.188 0.40
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Table 4.1: Tabulated results for the ten data sets showing the accuracy of the simulated andphysical component electrode-skin parameter estimates (cont.).Data Set 6
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 672nF 672nF 686nF 0.000 2.05C2 105nF 104nF 103nF 0.763 1.34R1 27.0kΩ 27.1kΩ 27.9kΩ 0.004 2.96R2 46.8 kΩ 46.8 kΩ 45.7kΩ 0.004 2.41R3 68.4kΩ 68.4kΩ 65.5kΩ 0.004 4.22R4 56.1kΩ 56.1kΩ 55.1kΩ 0.002 1.77
Data Set 7
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 69.2nF 69.2µF 69.6nF 0.000 0.64C2 20.8nF 20.8 µF 19.7nF 0.000 5.14R1 999 Ω 999 Ω 953 Ω 0.001 4.56R2 3.29kΩ 3.29kΩ 3.37kΩ 0.021 2.58R3 2.19kΩ 2.19kΩ 2.153, kΩ 0.027 1.85R4 999 Ω 999 Ω 957 Ω 0.003 4.17
Data Set 8
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 6.80µF 139 MF 133nF 195 98.0C2 6.70µF 19.4µF 132nF 189 98.0R1 47.3kΩ 2.40kΩ −0.246kΩ 94.9 100R2 46.9kΩ 227 Ω 43.7kΩ 99.5 99.9R3 47.2kΩ 17.0kΩ 40.5kΩ 64.1 99.9R4 47.2kΩ 84.6 Ω 57.8 kΩ 99.8 99.9
Data Set 9
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 6.80µF 6.80µF 7.17µF 0.015 5.47C2 105nF 105nF 105nF 0.000 0.19R1 101kΩ 101kΩ 103kΩ 0.006 1.98R2 334kΩ 336kΩ 332kΩ 0.003 0.42R3 220kΩ 220kΩ 209kΩ 0.000 5.01R4 82.7kΩ 82.7kΩ 81.9kΩ 0.002 1.00
Data Set 10
Estimated Error %
Parameter Known Sim’ Physical Sim’ PhysicalC1 7.47µF 7.46µF 7.05µF 0.120 5.59C2 6.81µF 6.80µF 6.40µF 0.115 6.04R1 999 Ω 1.00kΩ 1.03kΩ 0.120 3.33R2 46.9kΩ 47.0kΩ 51.1kΩ 0.113 8.94R3 47.2kΩ 47.3kΩ 51.1kΩ 0.116 8.14R4 999 Ω 1.00kΩ 1.09kΩ 0.117 9.23
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Figure 4.5: Efficacy of component estimation for the test circuit, data set 1.
Figure 4.6: Efficacy of component estimation for subject data, the fit of f1(P1) was poor.Note the scale of the x-axis.
4.3 Discussion
The simulation and passive circuitry data sets validated the electrode-skin component esti-
mation method. However, estimating the electrode-skin component values for the human
subject was unsuccessful.
The step response of the electrode-skin interface did not reach steady state during the
8.3 minutes of stimulation. The voltage step response appeared as if it was near reaching
steady state at approximately 100 seconds. However, as the current was consistently de-
creasing and the voltage started to increase again after approximately 200 seconds, it was
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verified that steady state had not occurred. As the electrode-skin component estimation
method required the step response to reach steady state, experimental data parameter esti-
mates (P1) could not be achieved, prohibiting the estimation for the electrode-skin interface
component values (P2).
Even if the settling time associated with the voltage and current step response was 200 sec-
onds, the recording is too long for real-time electrode-skin impedance balancing. As the
characteristics of the electrode-skin interface have a temporal relationship, large measure-
ment times may lead to the electrode-skin characteristics changing during measuring the
step response. Therefore, a method with large recording times is not suitable for charac-
terising the electrode-skin interface.
A small electrode-skin impedance imbalance results in a small differential voltage across
the electrodes during the step response, therefore, the step response tends to a square wave
as the impedance imbalance between the electrode-skin interfaces decreases. This leads
to a system that is not uniquely identifiable, as seen with passive circuitry data set 8. Since
the purpose of developing this method was to assist in balancing the impedance between
electrode-skin interfaces, not being able to characterise electrode-skin interfaces when
there is little impedance imbalance limits the efficacy of the system. This limitation also
increases the difficulty of verifying balanced electrode-skin interfaces. Although a known
impedance could be applied to unbalance the electrode-skin interfaces, the application of
this impedance has the potential to add complexity and increase the time associated to
balance electrode-skin interfaces.
Although the method could possibly be modified to cope when steady state has not be
achieved, the step response appears to be the sum of four exponential decays: two ob-
vious gradient changes can be seen in the first 20 seconds of the step response, then
another two over the remaining 480 seconds. Therefore, a summed exponential model is
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required to characterise each electrode-skin interface. Although skin preparation is meant
to shunt the parallel RC components related to the epidermis, resulting in an interface
that can be characterised by a single exponential model, it is likely that skin preparation
does not remove the contribution of the epidermis, but increases the time constant of the
electrode-skin interface. Therefore, a summed exponential model, where one exponential
characterises the early step response and the second exponential characterises the long
term behaviour of the electrode-skin interface would better characterise the electrode-
skin interface. Using the current method, increasing from a single exponential model to
a summed exponential model has the potential to result in large, complex equations that
characterise the step response. The step voltage may also be changing the chemistry of
the electrodes, causing ions to be removed from one electrode and attached to the other,
slowly altering the impedance of each electrode-skin interface. Therefore, due to the lim-
itations of characterising the electrode-skin interface in the time domain, the impedance
of the electrode-skin interface will be modelled using frequency spectral analysis.
Stimulating the electrode-skin interface using discrete frequencies compared to a contin-
uous time signal decreases the time associated with capturing the data, permit capturing
the chosen frequencies required to model the system and simplify the model equation
derivation and parameter estimation.
4.4 Summary
The electrode-skin component estimation method worked for nine of the ten simulation
and passive circuitry data sets, resulting in mean component estimation errors of 0.076%
and 3.49%, respectively. However, the method could not provide viable results for the
human subject data due to not reaching steady state. This study outlined limitations of
using the time domain to estimate the component values of the electrode-skin interface: the
equations are complex and the recording process is long, therefore, to continue research
on balancing the electrode-skin interface, the component values were measured (Chapter
5) and estimated (Chapter 6) using frequency dependent stimulation and spectral analysis.
CHAPTER 5
Electrode-Skin Impedance
Imbalance Measured in the
Frequency Domain
Bioelectrical instrumentation is used to measure weak bioelectrical signals. However, these
signals can be contaminated by several forms of interference: mains supply (common-
mode) interference, mains supply (differential-mode) interference due to common-mode
conversion, and crosstalk from endogenous sources in close proximity. The severity of the
electrical interference is a function of the impedance imbalance between electrode-skin in-
terfaces. If the impedance of the electrode-skin interface can be measured, compensatory
impedance may be used to reduce the effect of interference on these bioelectrical signals.
As the impedance of the electrode-skin interface is time dependent, this characterisation
and compensation would need to be applied regularly in real-time during the recording pro-
cess, minimising the variability associated with each individual subject and recording ses-
sion. Although electrode-skin impedance imbalance impacts many bioelectrical recording
techniques, this chapter focuses on the application to surface electromyography (sEMG).
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5.1 Methods
To measure the impedance imbalance between multiple electrode-skin interfaces, the
voltage-current relationship of the electrode-skin interface must be measured. By defini-
tion, impedance is time-invariant; however, the impedance of the electrode-skin interface
has a temporal relationship. Therefore, the system needs to be measured over a window,
where the resulting data is considered time-invariant. The voltage across each electrode-
skin interface and the series current was measured during a frequency sweep, where
each excitation frequency (fk) excited the interface for a periodT . Applying a discrete-time
Fourier transform (DTFT) to the voltage and current signals for each frequency, k, results
in a complex voltage across each electrode-skin interface and the series current. These
complex values form the frequency dependent impedance of each electrode-skin interface.
5.1.1 Data Collection and Impedance Extraction
Measuring the individual electrode-skin impedance was achieved using a custom impedance
analyser (CIA), with a stimulation path through recording electrodes A and B, measuring
both electrodes separately with respect to the reference electrode, Figure 5.1: where VS(f, t)
is the excitation voltage of the CIA as a function of excitation frequency and time; I(f, t)
is the series current of the CIA as a function of excitation frequency and time; VAC(f, t) is
the voltage measured across one electrode-skin interface (electrodeA) with respect to the
reference electrode (electrode C) as a function of excitation frequency and time; VBC(f, t) is
the voltage measured across the second electrode-skin interface (electrode B) with respect
to the reference electrode as a function of excitation frequency and time; RAX , RBX and
RCX are the resistances associated with the dermis and subcutaneous layers of the skin
between the respective electrodes; X is a common node connection for the resistances as-
sociated with the dermis and subcutaneous layers of the skin. As the reference electrode
is connected to a high input impedance, no current flows through RCX and the reference
electrode contact impedance, ZCC , therefore, VAC(f, t) and VBC(f, t) are referenced to the
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VS(f, t)










Figure 5.1: High level schematic of how the custom impedance analyser (CIA) measuresthe individual impedance of the electrode-skin interface.
subcutaneous node X. The individual electrode-skin impedances (ZA, ZB) are the sum of
the electrode contact impedances (ZAC , ZBC ) and the resistance associated with the dermis
and subcutaneous layers,
ZA(f ) = ZAC (f ) + RAX = VAC(f )I(f ) , (5.1)
ZB(f ) = ZBC (f ) + RBX = VBC(f )I(f ) . (5.2)
The CIA was developed using Analog Device’s AD9838 Direct Digital Synthesis device
that produces the sinusoidal excitation voltage VS(f, t), with controllable amplitude and
frequency. The amplitude of VS(f, t) was varied in the range of 50–800 mV peak-to-peak.
The CIA produced 40 logarithmically spaced discrete frequencies, where VS(f, t), I(f, t),
VAC(f, t) and VBC(f, t) were sampled at 125 kS/s to 3.125 MS/s, with an excitation period of
10 s for frequencies below 10Hz and 1 s for the remaining frequencies using a Saleae Logic
Analyser, Logic Pro 16. For each known excitation frequency, a DTFT was applied to I(f, t),
VAC(f, t) and VBC(f, t),
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V̂AC(f ) = N−1∑
n=0VAC(fk, t)× e−j2πfkn∆t , (5.3)
where N is the length of VAC(fk, t) and ∆t is the sampling period. This process was per-
formed in MATLAB (R2019b, MathWorks) for each of the 40 frequencies, resulting in
a complex array for the two electrode voltages and the series current. The impedance
associated with the electrode-skin interfaces can then be determined,
ZA(f ) = V̂AC(f )
Î(f ) , (5.4)
ZB(f ) = V̂BC(f )
Î(f ) . (5.5)
5.1.2 Data Validation
Passive circuitry
To validate the efficacy of the impedance measurement method, passive circuitry was used
as a proxy device under test (DUT), Figure 5.2. The proxy DUT was designed to model
a pair of single or summed exponential electrode-skin interfaces. However, the single
exponential interfaces were used in this study. The proxy DUT was formed from known
component values (measured using a Tonghui TH2822E handheld LCR meter). This per-
mitted comparison of the theoretical impedance to the data captured using the CIA. The
theoretical impedance is given by ZTA (f ) = R1 + R2‖ZC1 and ZTB (f ) = R4 + R3‖ZC2 , where
ZTA (f ) and ZTB (f ) are the theoretical impedances of the first and second electrodes respec-
tively.





















Figure 5.2: (a) Passive circuitry used to emulate the human electrode-skin interface usinga single or summed exponential model, where the dip switches allowed the componentvalues to be changed. (b) Equivalent circuit of the passive circuitry. (c) High level circuitschematic used to measure the frequency sweep of two single exponential models formedfrom the passive circuitry.
Three data sets were obtained using the CIA and the proxy DUT, with component values
outlined in Table 5.1. This process highlighted that the CIA was affected by parasitic
inductance, as the CIA could not accurately measure the phase at frequencies above 10 kHz
and the magnitude above 100kHz. To quantify the accuracy of the system, a normalised
root mean square error (NRMSE) was applied to the data captured using the CIA, ZCIA(f ),

















where K = 40 (the number of discrete excitation frequencies), |ZT | is the mean magnitude
of ZT and φT is the mean phase of ZT .
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Table 5.1: Component values used for the three control DUT data sets.
ZA ZB
Data set R1(Ω) R2(kΩ) C1(nF ) R1(Ω) R2(kΩ) C1(nF )1 998.2 333.5 3.4 998.8 219.5 0.962 998.2 46.9 1,029.0 998.8 47.2 1,0003 998.2 333.5 1.2 998.8 219.5 1.1
Human subjects
To further validate human values for ZACIA (f ) and ZBCIA (f ) obtained using the CIA, a Keysight
Technologies E4990A impedance analyser (KIA) was used. The KIA has an excitation
frequency range of 20Hz–20 MHz, however, a 20Hz–1 MHz range with 201 samples was
implemented for this study. To compare the CIA and KIA data sets, interpolation and
truncation of the data had to be performed. The KIA data was truncated to the first data
point below or equal to 100 kHz (97.7 kHz) for the magnitude data and 10 kHz (9.5 kHz)
for the phase data. The CIA data were up-sampled using cubic spline interpolation, then
truncated. This process produced data sets that had a frequency span of 20 Hz–97.7 kHz for
the magnitude data and 20Hz–9.5 kHz for the phase data. Both the magnitude and phase
data sets were sampled at the same fixed frequencies for comparison.
Measuring the electrode-skin impedance at 50 Hz was avoided since coupled mains in-
terference can effect the measurement. The interpolated data was used for ZACIA (f ) and
ZBCIA (f ) at 50 Hz. Besides the impedance at mains frequency, the interpolated data was only
used in the validation process. The 100 kHz–1 MHz data from the KIA was not used in the
validation process, but it gave valuable insight to the high frequency characteristics of the
electrode-skin interface.
As the impedance measurements from the CIA are independent of the reference elec-
trode impedance, a single excitation method using two electrodes was used to produce the
KIA data. This ensures that a change in reference electrode impedance does not effect
the impedance data, however, a two electrode configuration with a single excitation can
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only measure the combined impedance across the two electrode-skin interfaces, ZABKIA .
Therefore, the sum of the CIA data was used in the validation process. This was calculated
using,
|ZABCIA (f )| =√[R{ZACIA (f )}+R{ZBCIA (f )}]2 + [I{ZACIA (f )}+ I{ZBCIA (f )}]2 , (5.8)
φABCIA (f ) = arctan[ I{ZACIA (f )} + I{ZBCIA (f )}R{ZACIA (f )}+ R{ZBCIA (f )}
]
, (5.9)
where R(Z) symbolises the real component and I(Z) symbolises the imaginary component.
















φABCIA (fk)− φABKIA (fk)}2
φABKIA
, (5.11)
where |ZABKIA | is the mean magnitude of ZABKIA and φABKIA is the mean phase of ZABKIA .
5.1.3 Electrode-skin Impedance Imbalance Metric
A root mean square error (RMSE) between ZACIA (f ) and ZBCIA (f ) was used to quantify the
imbalance of the electrode-skin impedance. The metric was not normalised as bioelectrical
signal interference is a function of the absolute impedance imbalance. The RMSE was
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calculated for the bioelectrical signal range (1 Hz–500 Hz), the entire data range and mains
frequency. Using the truncated data, this resulted in a bioelectrical signal range of 1 Hz–
492.4 Hz, and an entire data range of 1 Hz–100 kHz for the magnitude and 1 Hz–9.4 kHz
for the phase. The electrode-skin impedance imbalance at mains frequency (50 Hz) was
calculated using the interpolated data.
5.1.4 Electrode Configurations
The electrode-skin impedance was measured for three different electrode configurations:
1. silver/silver chloride disc electrodes without skin preparation (Ag/AgClNSP)
2. silver/silver chloride disc electrodes with skin preparation (Ag/AgClSP)
3. silver bar electrodes with skin preparation (Ag-SP).
The electrode-skin impedance for Ag electrodes without skin preparation was not mea-
sured, as the large electrode-skin impedance produced by dry electrodes without skin
preparation was outside the measurement range of the CIA and KIA.
The Ag bar electrodes are imbedded within the CIA. When the excitation current from the
KIA was applied to the Ag electrodes, the excitation current would also backfeed through
the CIA. The multiple current paths resulted in erroneous impedance measurements, there-
fore, there is no validation data using the KIA for the Ag-SP electrode configuration. Back-
feeding current using the Ag/AgCl electrodes was avoided as the electrode leads could be
disconnected from the CIA without disrupting the electrode-skin interface.
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5.1.5 Subject Data
This study was approved by the Human Ethics Committee, University of Canterbury (HEC
2019/68). Data from ten healthy subjects (five male and five female with a mean age of
25± 4) were collected for this study. The first data set collected was for the Ag/AgClNSP
electrodes, where the electrodes were placed above the right biceps brachii muscle belly.
The second recorded data set was for the Ag-SP electrodes, placed above the left biceps
brachii muscle belly and the last data set was for the Ag/AgClSP electrodes, also placed
above the left biceps brachii muscle belly. This order of recording ensured the adhesive and
electrode gel from the Ag/AgCl electrodes did not affect the impedance of the succeeding
recordings. Another Ag/AgCl electrode was placed on the elbow to use as the reference
electrode. This electrode configuration mimics the set up typically used during sEMG for
recording the electrical activity of the biceps brachii.
The Ag/AgCl electrodes were VERMED VersaTrode, polyethylene foam, single use, wet
gel teardrop electrodes. The adhesive foam had a diameter of 38.1 mm, and the electrode
eyelet was 10.6mm in diameter, resulting in an interelectrode distance of approximately
40 mm. The CIA had imbedded Ag electrodes, constructed from 1mm round, 99.99% pure,
silver wire, producing a 1x10 mm electrode, with a 10 mm interelectrode distance. The skin
preparation was achieved using 600 grit sand paper. The skin surface was abraded using
approximately 20 light uniform sweeps over a large area above the biceps brachii to reduce
the possibility of producing a local area of impedance difference related to variations in
skin preparation. The skin surface was sterilised using alcohol pads, 75% Ethyl Alcohol,
and left for a minimum of two minutes to dry. The subjects were required to relax their
arm on a table, while maintaining an elbow angle of approximately 90 degrees. The KIA
is sensitive to electrostatic discharge (ESD), therefore, to protect the device and maintain
consistency, an ESD band was worn for all recordings. The impedance measurements
were not effected by the ESD band.
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Table 5.2: Error between the custom impedance analyser (CIA) and the theoreticalimpedance of the control DUT over the range of 1 Hz–100 kHz (magnitude) and 1 Hz–10 kHz (phase), quantified by the root-mean-square error normalised using the mean ofthe theoretical impedance of the control DUT.
ZA ZB
Subject |Z| (%) φ (%) |Z| (%) φ (%)1 4.7 2.7 5.7 5.32 5.3 1.6 5.6 1.53 3.8 3.4 4.6 4.2
Mean (SD) 4.6 (0.7) 2.6 (0.9) 5.3 (0.6) 3.6 (2.0)
5.2 Results
5.2.1 Proxy Device Under Test (DUT)
The accuracy of the CIA using the proxy DUT is outlined in Table 5.2, resulting in a mean
error and standard deviation of (4.6± 0.7) % for the magnitude and (2.6± 0.9) % for the
phase of electrode A; and (5.3± 0.6) % for the magnitude and (3.6± 2.0) % for the phase of
electrode B. These results indicate that impedance measurement methods using the CIA
can accurately measure the magnitude up to 100 kHz, and the phase up to 10kHz.
5.2.2 Subject Trial
The accuracy of the CIA for the ten subjects is outlined in Table 5.3, resulting in a mean
error and standard deviation of (12.5± 19.2) % for the magnitude and (2.7± 3.7) % for the
phase using the Ag/AgClNSP electrode configuration, and (5.7± 5.3) % for the magnitude
and (10.6± 6.8) % for the phase using the Ag/AgClSP electrode configuration.
The imbalance of the electrode-skin interface for the ten subjects and three electrode con-
figurations as measured by the CIA is outlined in Table 5.4, resulting in an electrode-skin
impedance imbalance that ranges from 0.1–143.2 kΩ and 0.0–22.2 degrees, and a mean im-
balance and standard deviation at mains frequency (50 Hz) of (37.6± 47.1) kΩ for the magni-
tude and (15.0± 18.3) degrees for the phase using the Ag/AgClNSP electrode configuration,
(4.52± 7.65) kΩ for the magnitude and (4.6± 6.9) degrees for the phase using the Ag/AgClSP
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Table 5.3: Error between the custom impedance analyser (CIA) and the Keysightimpedance analyser (KIA) over the range of 1 Hz–100 kHz (magnitude) and 1 Hz–9.4 kHz(phase), quantified by the root-mean-square error normalised using the mean of theKeysight impedance analyser.
Ag/AgClNSP Ag/AgClSP
Subject |Z| (%) φ (%) |Z| (%) φ (%)1 3.3 0.9 1.7 14.92 7.6 3.7 6.4 11.33 14.4 2.7 3.4 4.44 1.8 0.8 1.2 24.05 16.9 1.7 1.6 19.06 9.4 0.6 3.2 4.27 4.4 1.3 17.4 5.58 64.8 12.8 11.3 9.89 1.5 0.9 8.6 4.210 0.8 1.1 2.6 8.9
Mean (SD) 12.5 (19.2) 2.7 (3.7) 5.7 (5.3) 10.6 (6.8)
electrode configuration, and (36.2± 45.1) kΩ for the magnitude and (3.4± 3.6) degrees for
the phase using the Ag-SP electrode configuration. As the standard deviation is larger than
the mean, and the data is non negative, the data has a right skewed distribution.
Data from subjects 4, 7 and 10 for the three electrode configurations are presented in Fig-
ures 5.3, 5.4 and 5.5. These subjects were chosen because they show a range of interesting
results. Subject 4 had the least balanced magnitude data over the bioelectrical signal range
(Ag/AgClNSP electrode configuration), and the most balanced data set (Ag/AgClSP electrode
configuration); Subject 7 had the largest recording error (Ag/AgClNSP electrode configu-
ration, but as the recording error is below 20Hz, the validation error is still low), and the
least balanced data set at 50 Hz (Ag-SP electrode configuration); Subject 10 had the least
balanced phase data set (Ag/AgClNSP electrode configuration). Figures for all ten data sets
are shown in Appendix D.
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Table 5.4: Electrode-skin impedance imbalance quantified using a root mean square errorbetween ZA and ZB for ten healthy subjects over three different frequency ranges: 50 Hz,1 Hz–492.4Hz and the entire range, 1 Hz–100 kHz (magnitude) and 1 Hz–9.4 kHz (phase).Ag/AgClNSP
50 Hz Bio-signal range Whole range
Subject |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg)1 20.6 16.2 473.0 30.1 350.8 25.12 9.2 4.7 9.8 3.8 7.3 3.43 12.5 6.7 13.8 4.7 10.3 4.04 2.8 12.4 1,447.0 14.8 1,073.1 12.35 120.5 14.8 142.8 16.2 106.0 13.66 116.9 10.1 264.3 12.4 196.1 10.47 21.6 10.0 298.9 7.8 221.7 6.68 2.1 6.4 32.6 6.6 24.2 5.69 0.9 2.7 82.4 4.1 61.1 3.410 69.2 65.5 607.1 56.3 450.3 47.7
Mean (SD) 37.6 (47.1) 15.0 (18.3) 337.2 (439.3) 15.7 (16.4) 250.1 (325.8) 13.2 (13.8)
Ag/AgClSP
50 Hz Bio-signal range Whole range
Subject |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg)1 0.26 0.0 0.26 1.1 0.21 3.22 1.39 1.1 1.40 3.8 1.12 10.93 8.28 6.6 8.28 11.5 6.28 23.24 0.05 0.7 0.05 0.6 0.04 1.55 0.2 0.0 0.21 0.7 0.18 1.66 1.83 2.0 1.89 3.3 1.44 6.57 24.63 22.2 29.41 21.6 21.82 21.98 1.31 4.0 1.32 6.7 1.01 14.19 6.97 9.2 6.91 15.1 5.12 22.210 0.32 0.5 0.33 1.2 0.27 4.8
Mean (SD) 4.52 (7.65) 4.6 (6.9) 5.00 (9.01) 6.6 (7.2) 3.75 (6.72) 11.0 (8.8)
Ag-SP
50 Hz Bio-signal range Whole range
Subject |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg)1 7.8 1.5 12.5 2.0 9.3 4.52 37.4 1.5 39.4 6.5 29.4 7.43 63.8 1.3 113.1 7.2 83.9 7.64 7.4 2.8 16.1 2.8 12.0 2.65 0.8 0.4 0.8 0.8 0.6 1.86 14.9 1.0 39.0 2.6 28.9 3.87 143.2 10.4 245.2 10.4 181.9 9.38 0.8 3.0 13.6 4.9 10.1 4.19 69.3 9.8 529.6 6.2 39.3 5.210 16.6 2.2 26.4 3.2 19.6 4.4
Mean (SD) 36.2 (45.1) 3.4 (3.6) 103.6 (166.8) 4.7 (2.9) 76.9 (123.7) 5.1 (2.3)
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(a) Subject 4: least balanced (magnitude) data set (1 Hz–500Hz).
(b) Subject 7: largest recording error data set.
(c) Subject 10: least balanced (phase) data set.
Figure 5.3: Electrode-skin impedance imbalance for 3 healthy subjects using Ag/AgClNSPelectrodes.
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(a) Subject 4: most balanced data set.
(b) Subject 7.
(c) Subject 10.
Figure 5.4: Electrode-skin impedance imbalance for 3 healthy subjects using Ag/AgClSPelectrodes. Note the impedance is substantially lower due to the skin preparation.
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(a) Subject 4.
(b) Subject 7: least balanced at 50 Hz (143.2 kΩ ).
(c) Subject 10.
Figure 5.5: Electrode-skin impedance imbalance for 3 healthy subjects using Ag-SP elec-trodes.
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5.3 Discussion
The validation error between the CIA and the KIA is typically low. However, 25% of the
validated recordings have a NRMSE above 10%, where most of these data sets had a small
absolute phase leading to a large relative error. It is believed that the temporal relation-
ship of the electrode-skin impedance is the main cause for the observed NRMSE. The
impedance measuring process had a set-up time after electrode placement of 2–5 minutes,
with recording times of 9.7± 2.3 minutes. Due to the large validation error of Subject 8,
a 15 minute wait period was performed between applying the Ag/AgClNSP electrodes and
recording the impedance for Subjects 9 and 10. The wait period was aimed at providing a
more stable electrode-skin interface during the recording process. This likely contributed
to the low NRMSE observed for these subjects. As the electrode-skin impedance and fre-
quency have an inverse relationship, and the interface is more susceptible to time variance
at low frequencies, the time dependence of the interface has a large impact on the valida-
tion error. Due to this phenomenon, it is believed that the CIA can accurately measure the
impedance of the electrode-skin interface.
Skin preparation is a good method to reduce electrode-skin impedance imbalance: Sub-
ject 4 went from the largest recorded magnitude imbalance (1.4 MΩ for the bioelectrical
signal range using the Ag/AgClNSP electrode configuration) to the lowest recorded magni-
tude imbalance (50Ω for the bioelectrical signal range using the Ag/AgClSP electrode con-
figuration). However, this level of abrasion is not suitable for infants or subjects with sen-
sitive skin, existing skin irritations and those requiring frequent recordings. Although skin
preparation lowers the electrode-skin impedance, it does not guarantee balanced electrode-
skin interfaces. This is highlighted by the data collected from Subjects 3, 7 and 9 using the
Ag/AgClSP electrode configuration, resulting in phase imbalances of 11.5-21.6 degrees and
magnitude imbalances of 6.9–29.4 kΩ over the bioelectrical signal range.
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Several methods were applied to reduce limitations of this study. During skin prepara-
tion, approximately 20 light uniform sweeps over a large area above the biceps brachii
were performed. This reduced the possibility of skin preparation producing an impedance
imbalance. To ensure the electrode adhesive and gel did not effect the impedance mea-
surements between the different electrode configurations, the Ag/AgClNSP electrode-skin
impedance was measured on the right arm, and the Ag/AgClSP electrode-skin impedance
was measured on the left arm. This does introduce another potential limitation that the
impedance imbalance will vary from limb-to-limb. However, the issue that an impedance
imbalance can be present after skin preparation is proven in this study. The impedance
imbalance of the Ag-SP and Ag/AgClSP electrode-skin interfaces were measured on the
same arm, but due to electrode size, the interelectrode distance was different. However,
the large area of uniformly prepared skin should have resulted in an interface with similar
characteristics.
The impedance imbalance between electrode-skin interfaces converts the coupled conduc-
tion currents flowing through the electrode leads into a differential-mode interference. An
unshielded 3 m electrode lead with a diameter of 0.81 mm results in a conduction cur-
rent, Ilead , of 6 nA peak-to-peak when mains supplied equipment is nearby. The mean
electrode-skin impedance imbalance of the Ag/AgClNSP and Ag-SP electrode configurations
was (36.9± 44.9) kΩ, resulting in 221µVpk−pk differential-mode interference, VABLEAD . Equa-
tion 2.8 is reiterated here for clarity, substituted with the mean electrode-skin impedance
imbalance of the Ag/AgClNSP and Ag-SP electrode configurations,
VABLEAD = (ZA − ZB) Ilead
= (36.9× 103)× (6× 10−9) = 221µVpk−pk , (2.8 )
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The potential divider effect distorts common-mode interference into differential-mode in-
terface due to imbalanced source or input impedance. Bioelectrical instrumentation have
a typical common-mode input impedance of 100 GΩ || 9 pF (Texas Instruments, 2018), re-
sulting in 353.7 MΩ common-mode input impedance at mains frequency (50 Hz), Equation
2.18. Therefore, the mean impedance imbalance between electrode-skin interfaces for the
Ag/AgClNSP and Ag-SP electrode configurations at mains frequency results in 3.3µVpk−pk
differential-mode interference due to the potential divider effect. Equation 2.15 is reiter-
ated here for clarity, substituted with the mean electrode-skin impedance imbalance of the
Ag/AgClNSP and Ag-SP electrode configurations at mains frequency,
VABCOM = VCM [ZA − ZBZI
] (ZA,B  ZI )
= 32× 10−3 [ 36.9× 103353.7× 106
] = 3.3µVpk−pk ,
(2.15 )
where VCM is the sum of the common-mode interferences produced from capacitive cou-
pling of the electrode leads and the human body to the mains supply, Equation 2.9.
The total differential-mode interference due to capacitive coupling and the potential di-
vider effect using the mean impedance imbalance between electrode-skin interfaces for
the Ag/AgClNSP and Ag-SP electrode configurations at mains frequency is approximately
232µVpk−pk. As the bioelectrical signal of sEMG ranges from microvolts to millivolts, this
level of interference can greatly degrade the signal-to-noise ratio (SNR) of sEMG signal
acquisition. The total differential-mode interference, Equation 2.19, is reiterated with sub-
stituted values for clarity,
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VAB = VABBODY + VABLEAD + VABCOM ,
= 7.5× 10−6 + 221× 10−6 + 3.3× 10−6 ,
= 232µVpk−pk .
(2.19 )
The experimental data from this study resulted in a maximum impedance imbalance be-
tween electrode-skin interfaces of 143.2 kΩ at mains frequency. This could lead to a total
differential-mode interference of 880µVpk−pk for passive electrodes, or a differential-mode
interference of 20.5µVpk−pk for a system using active electrodes (limited interference due
to capacitive coupling of the electrodes leads to the mains supply). Active electrodes re-
move a large portion of the differential-mode interference. However, active electrodes
are typically dry electrodes used without skin preparation, resulting in large electrode-skin
impedances. These large electrode-skin impedances can increase impedance imbalances
between electrode-skin interfaces, leading to large differential-mode interferences.
As the electrode-skin impedance imbalance causes interference within bioelectrical record-
ings, the impedance imbalance between electrode-skin interfaces cannot be ignored. Mod-
elling the electrode-skin impedance may provide an understanding of the behaviour at
the electrode-skin interface and assist in optimising a system to reduce the impedance
imbalance between electrode-skin interfaces.
5.4 Summary
Although abrasive skin preparation reduces the impedance imbalance between multiple
electrode-skin interfaces, it does not guarantee balanced electrode-skin interfaces. As there
is no commercial product to determine the impedance imbalance between electrode-skin
interfaces, it is difficult to verify that electrode-skin interfaces are balanced, particularly if
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the imbalance at mains frequency is low compared to the imbalance over the bioelectrical
signal range.
Typically, only the magnitude is considered when the electrode-skin impedance is mea-
sured. However, the phase can also be imbalanced. The results from this study indicate
that the electrode-skin impedance imbalance ranges from 0.1–143.2 kΩ and 0.0–22.2 de-
grees, where the largest magnitude imbalance is not associated with the largest phase
imbalance.
The impedance imbalance between electrode-skin interfaces is time variant, and is in-
consistent between subjects, electrode type and skin preparation. The mean impedance
imbalance between electrode-skin interfaces for the Ag/AgClNSP and Ag-SP electrode con-
figurations was (36.9± 44.9) kΩ, which could lead to a differential mode interference of ap-
proximately 232µVpk−pk due to capacitive coupling and the potential divider effect. As the
bioelectrical signal of sEMG ranges from microvolts to millivolts, this level of interference
degrades the performance of sEMG signal acquisition. Therefore, to improve the noise
immunity of bioelectrical signal recordings, repeated monitoring and automatic compensa-
tion is required to balance the electrode-skin interface. Therefore, to continue research on
reducing the impedance imbalance between electrode-skin interfaces, the electrode-skin
impedance will be modelled (Chapter 6) using the experimental data from this chapter.
CHAPTER 6
Modelling the Impedance of
Electrode-Skin Interfaces in a
Bipolar Electrode
Configuration
Electrodes are used in multiple medical sensing applications: electromyography (EMG),
electroencephalography (EEG) and electrocardiography (ECG). However, the data obtained
from these methods are affected by coupled electrical interference from environmental
sources, and crosstalk from endogenous sources. The severity of the electrical interfer-
ence is a function of the impedance imbalance between electrode-skin interfaces, which
can be as large as 140 kΩ when using dry electrodes with skin preparation. Modelling
the electrode-skin interface will assist in understanding the impedance behaviour at the
interface. Therefore, modelling the electrode-skin interface may assist in the development
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of a system to reduce the impedance imbalance between electrode-skin interfaces, reduc-
ing the effect of electrical interference, and improving the quality of bioelectrical signal
acquisition.
6.1 Methods
The electrode-skin impedance from ten healthy subjects (five female and five male with
a mean age of 25± 4) was collected using a bipolar electrode configuration, described
in Section 5.1. A brief summary of the experimental data is outlined in Section 6.1.1.
This experimental data was used in developing a model to characterise the electrode-
skin impedance, outlined in this Chapter. The model was developed from the first five
data sets (development data set) and tested using all ten data sets (validation data set).
In some instances, sample means formed from the development data sets were used to
assist in parameter estimation. As the electrode-skin interface is non-linear with respect
to frequency, non-linear least squares (NLLS) regression was used to solve for the model
parameter values. A method was developed to calculate suitable initial estimates for the
NLLS regression.
6.1.1 Experimental Data
The impedance magnitude data ranged from 1 Hz to 100 kHz using 40 logarithmically-
spaced discrete frequencies. Parasitic inductance affected the high frequency phase data,
therefore, it was originally truncated to 9.5 kHz for use in quantifying the impedance im-
balance between electrode-skin interfaces, Chapter 5. However, an extra data point as-
sisted in developing the electrode-skin impedance model, therefore, the phase data used
to develop the electrode-skin impedance model ranged from 1Hz to 12.7 kHz. To validate
the electrode-skin impedance data, a Keysight E4990A impedance analyser was employed.
However, it could only measure the combined impedance of the bipolar electrode pair
and had a minimum excitation frequency of 20 Hz. The Keysight impedance analyser was
used to measure the impedance from 20Hz–1 MHz, providing insight to high frequency






Figure 6.1: Electrode-skin interface model: R1 represents the combined resistance of theelectrode gel, sweat and subcutaneous tissue; R2 and CPE1 represent the impedance of theelectrode-electrolyte interface; and R3 and CPE2 represent the impedance of the epidermallayers of the skin.
electrode-skin characteristics.
The electrode-skin impedance data was measured for three bipolar electrode configura-
tions:
1. silver/silver chloride disc electrodes without skin preparation (Ag/AgClNSP)
2. silver/silver chloride disc electrodes with skin preparation (Ag/AgClSP)
3. silver bar electrodes with skin preparation (Ag-SP).
6.1.2 Model Assumptions
A modified summed exponential model was used to characterise the behaviour of the
electrode-skin interface, Figure 6.1. In this model, R1 represents the series combination
of the electrolyte resistance and the dermis and subcutaneous resistance; R2 and CPE1
characterise the impedance associated with the electrode-electrolyte interface; and R3 and
CPE2 represent the impedance of the epidermis. The DC potentials were not modelled as
the minimum frequency of the experimental data was 1 Hz. As capacitors cannot represent
the frequency dependence of the electrode-skin interface, the capacitors were replaced
with constant phase elements (CPEs). CPEs have an impedance defined as,
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ZCPE(ω) = 1Q × (jω) β , (6.1)
where β is a dimensionless parameter, ranging from 0–1, that dictates the phase of the CPE,
φCPE = (−90 · β)◦. When β = 1, the CPE characterises a purely capacitive element, when
β = 0, the CPE characterises a purely resistive element. Q is referred to as the magnitude
of the CPE, and is numerically equivalent to the admittance of the CPE at ω = 1 rad/s,
otherwise it has a unit of S · sβ .
The impedance of the electrode-skin interface, ZESI , from Figure 6.1 is,
ZESI = R1 + R2||ZCPE1 + R3||ZCPE2 ,
= R1 + R21 + R2 ×Q1 × (jω)β1 + R31 + R3 ×Q2 × (jω)β2 .
(6.2)
The magnitude of the electrode-skin impedance settles to a finite resistance at both low and
high frequencies, and has an inverse frequency relationship. The low frequency resistance
is characterised by the sum of the three resistive elements, R1,2,3 , and the high frequency
resistance is characterised by R1. The impedance between these sections is a function
of the parallel segment component values. The phase of the electrode-skin impedance
has two local minima, and one local maximum, tending to zero at both high and low
frequencies. A simulated electrode-skin impedance is used to exaggerate these features,
Figure 6.2, where Zα represents the region where the phase is near zero degrees and the
magnitude is a maximum; Zβ is the region where the phase is reaching a local minimum
and the magnitude has a constant negative gradient, where both are a function of CPE2;
Zγ represents the region of the local phase maximum and a zero gradient magnitude; Zδ
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Z = Zα Z = Zβ Z = Zγ Z = Zδ Z = Zε
Figure 6.2: Simulated electrode-skin impedance and contributing model segments. Com-ponent values were chosen to exaggerate the five different frequency response regions,
α− ε.
is the region of the second local phase minima and constant gradient magnitude associated
with CPE1; and Zε represents the region where the phase is returning to zero degrees and
the magnitude is settling to a minimum. These five regions are represented by,
Zα = R1 + R2 + R3 , (f → 0) (6.3)
Zβ = R1 + R2 + R3||ZCPE2 , (6.4)
Zγ = R1 + R2 , (6.5)
Zδ = R1 + R2||ZCPE1 , (6.6)
Zε = R1 . (f →∞) (6.7)
6.1.3 Non-linear Least Squares Regression
As expected, the five regions were not as well-defined in the experimental data as in Figure
6.2. Each region could influence the adjacent one, therefore, NLLS regression using the
interior-point algorithm was implemented in MATLAB (R2019b, MathWorks) to determine
the model parameter values.
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The experimental data were used to calculate initial estimates. However, the experimental
data contained recording noise that impacted the ability of the algorithm to identify model
parameter values. Therefore, the data were processed to assist in initial parameter estima-
tion. The impedance data were interpolated from 40 logarithmically spaced data points to
250 logarithmically spaced data points using the MATLAB-specific makima interpolation,
a modified Akima piecewise cubic Hermite interpolation. This algorithm was chosen as
it reduces the overshoot that occurs when two consecutive data points have a consistent
amplitude when using Akima interpolation, and the makima algorithm has reduced over-
shoot compared to spline interpolation and a smoother derivative than cubic interpolation.
A moving mean value algorithm with a window size of 21 was applied to the experimental
data to smooth it. The window size was reduced at the end points when there was fewer
than 21 data points, ensuring the mean was not biased due to only having data on one side
of the window centre point. The interpolated and smoothed data was only used to provide
initial estimates for the NLLS regression.
6.1.4 Resistor Initial Value Estimation
The data obtained using the Keysight impedance analyser indicated the high frequency
data settled above 100 kHz, therefore, the magnitude data from the Keysight impedance
analyser were used to estimate the average high frequency break point of the magnitude
data. This was estimated to be 500 kHz for all electrode configurations. The estimated
break frequency was used to logarithmically extrapolate the experimental magnitude data,
and used to calculate the initial estimate of R1,
R10 = |Z′(ωN )| × [ωexωN
]k
, (6.8)
where Z′ is the processed experimental data, ω is the interpolated frequency array, N is
the index of the last data point, ωex is the desired extrapolation frequency and k is the
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extrapolation gradient. The one-dimensional numerical gradient was calculated using the
processed magnitude data. The one-dimensional numerical gradient was also filtered using
the same method applied to smooth the experimental data. The mean gradient of the last
five data points, between 79 kHz to 100kHz, was used as the extrapolation gradient.
The local phase maximum was used to validate the assumption that frequency response
region γ was purely resistive. However, this assumption was only valid for the Ag/AgClSP
data sets. The phase of the remaining data sets were affected by the capacitance associated
with the CPEs. This was evident as the phase maximum was more negative. To quantify the
contribution of the CPEs, Equation 6.5 was modified. The CPEs were treated as capacitors
(β1,2 fixed at 1), and it was assumed that a phase of -90 degrees was a purely capacitive
segment, which linearly decreased to 0 degrees, resulting in a purely resistive segment.
Treating the CPEs as capacitors was only applied during the initial value estimation process
of R2. The initial estimate of R2 was calculated using,
R20 = |Z′(φmax)| × (1− φmax−90 · α
)
− R1 , (6.9)
where φmax is the phase at the local maximum and α is a correction factor that accounts
for the over simplification of the linear equation for a non-linear system and fixing β1,2
to 1. The sample mean was used to determine α, which was equal to 4 or 5. Typically,
the Ag/AgClNSP data sets did not have a local maximum due to the two parallel segments
simultaneously contributing to the phase. Therefore, the phase minimum was used as a
close approximation.
The initial estimate for R3 was performed using the same logarithmic extrapolation method
used for R1. However, the magnitude data were extrapolated back to 0.5Hz and used to
solve Equation 6.3. Typically the first five data points had a larger level of recording noise,
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therefore, the second five data points (1.5–1.9 Hz) were used to calculate the mean gradient
used in the extrapolation process.
6.1.5 CPE Initial Value Estimation
As each CPE has two independent unknown parameters, Q1,2 and β1,2, a second NLLS
regression method was used to estimate values for Q10,20 and β10,20 . The interior-point
algorithm was utilised to simultaneously minimise the error at multiple points of interest.
When the data featured a local phase maximum, it was assumed that two phase minima
existed and were independent, such that the impedance of each parallel segment would
not affect the other. The error associated with impedance at the phase minima were
minimised for Equations 6.4 and 6.6, while enforcing a zero gradient at the frequency of
the phase minima. When the two parallel segments were simultaneously contributing to
the impedance, Ag/AgClNSP data sets, the impedance was solved at two distinct points of
interest. These points were chosen depending on the features the data sets contained,
where the order of priority was: differentiated phase minima, phase minima, and 1 Hz.
The contribution of the low frequency parallel segment was occasionally below the mini-
mum frequency of the experimental data, 1 Hz. Therefore, the initial parameter estimates
for the CPE corresponding to that region were set to the sample mean. The initial esti-
mates for these data sets were originally chosen using values that visually best modelled
the low frequency data. This resulted in 2.4 mS.sβ2 and 0.6 for Q2 and β2, respectively.
6.1.6 Model Fitting
The upper and lower bounds of the NLLS regression were determined using a one-off
iterative method, where the bounds were extended until all test data parameters were within
the bounded limits, Table 6.1. The magnitude data were truncated to the same length as
the phase data (12.7 kHz), permitting simultaneous minimisation of the root mean square
error (RMSE) for both the magnitude and phase data,
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Table 6.1: Model parameter upper and lower bounds as a function of the initial estimatesused in the non-linear least square solver.
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where N = 33 (the number of data points in the truncated data), and ε|Ẑ|(ωn) and εφ̂(ωn) are
the normalised residual errors of the magnitude and phase respectively. The magnitude
and phase residuals were normalised to the experimental data to ensure the regression
did not bias the magnitude data, as the phase data had a smaller amplitude span,
ε|Ẑ| = |Zmeas| − |Zmodel||Zmeas| , (6.11)
εφ̂ = φmeas − φmodelφmeas , (6.12)
where |Zmeas| and φmeas are the raw experimental magnitude and phase data respectively,
and |Zmodel| and φmodel are the modelled magnitude and phase data respectively.
The estimated parameters were used with Equation 6.2 to produce modelled data at the
same frequencies as the raw experimental data. The modelled data and the raw experimen-
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tal data were used to quantify the model accuracy using a normalised root mean square
error (NRMSE), where the mean of the experimental data were used as the normalisation
metric. However, unlike the residuals used to minimise the error while solving for the
parameter values, the model fit residuals were not normalised when calculating the RMSE.
The NRMSE was calculated for two frequency ranges: 1–492 Hz, and the phase data range
(1 Hz to 12.7 kHz). The two ranges highlight the efficacy of the model over the bioelectrical
bandwidth, and the measured data range. As the model is fitted to the raw experimental
data, recording noise of the raw data will increase the model fit error. The magnitude and
phase for both electrode-skin interfaces on the three electrode configurations over the ten
subjects took 15.8 s to model using a PC with an Intel Core i7-6700 processor running on
Arch Linux.
6.2 Results
The accuracy of the model fit for the ten subjects over the three electrode configura-
tions are outlined in Tables 6.2, 6.3 and 6.4, where ZA and ZB are the two electrode-skin
impedances. The mean error and standard deviation for the two electrodes over the
bioelectrical bandwidth are (12.5 ± 14.7) % for the magnitude and (4.5 ± 4.9) % for the
phase using the Ag/AgClNSP electrode configuration, (3.2 ± 1.7) % for the magnitude and
(6.2 ± 8.9) % for the phase using the Ag/AgClSP electrode configuration, and (15.5 ± 17.9) %
for the magnitude and (4.4 ± 1.8) % for the phase using the Ag-SP electrode configuration.
The parameter values for the ten subjects and the three electrode configurations are out-
lined in Tables 6.5 to 6.7, and the mean parameter values for the three different electrode
configurations are shown in Table 6.8.
The raw experimental data and fitted model data for Subjects 3, 4 and 7 for the three
electrode configurations are presented in Figures 6.3, 6.4 and 6.5. These subjects were
chosen because they show a range of interesting results. Subject 3 had the largest NRMSE
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Table 6.2: Normalised root mean square error between the raw experimental data andthe modelled electrode-skin impedance using the Ag/AgClNSP electrode configuration forten healthy subjects over the two frequency ranges: bio-signal (1 Hz–492Hz) and whole(1 Hz–12.7 kHz). Ag/AgClNSP (Magnitude)
Bio-signal range Whole range
Subject ZA (%) ZB (%) ZA (%) ZB (%)1 3.1 2.7 3.7 3.22 1.9 2.9 2.4 3.53 2.9 2.6 3.5 3.14 5.5 5.0 6.8 6.25 41.1 28.3 50.2 34.56 19.1 8.7 23.3 10.67 44.0 43.0 53.6 52.48 17.6 7.4 21.4 9.09 2.6 2.4 3.2 2.910 4.5 5.0 5.0 6.2
MEAN (SD) 14.2 (16.2) 10.8 (13.7) 17.3 (19.8) 13.2 (16.7)
Ag/AgClNSP (Phase)
Bio-signal range Whole range
Subject ZA (%) ZB (%) ZA (%) ZB (%)1 1.2 1.8 2.2 2.02 1.0 1.6 1.6 1.83 1.1 1.4 1.0 1.14 5.6 2.6 4.7 2.25 3.9 3.6 3.4 3.06 2.5 3.2 2.2 2.67 12.3 8.5 10.4 7.28 18.4 13.5 13.8 10.89 2.1 1.8 2.2 1.810 3.4 1.4 1.5 1.2
MEAN (SD) 5.1 (5.7) 3.9 (4.0) 4.3 (4.3) 3.4 (3.1)
for the magnitude data (Ag-SP electrode configuration) and the largest NRMSE for the
phase data (Ag/AgClSP electrode configuration). Subject 4 had the smallest NRMSE for the
magnitude data (Ag/AgClSP electrode configuration), and highlights the possible recording
error that can occur, as the phase was below -90 degrees for the Ag/AgClNSP electrode
configuration. Subject 7 had the smallest NRMSE for the phase data (Ag/AgClSP electrode
configuration), and also the noisiest raw data (Ag/AgClNSP electrode configuration). Figures
for all ten data sets are shown in Appendix E.
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Table 6.3: Normalised root mean square error between the raw experimental data andthe modelled electrode-skin impedance using the Ag/AgClSP electrode configuration forten healthy subjects over the two frequency ranges: bio-signal (1 Hz–492Hz) and whole(1 Hz–12.7 kHz). Ag/AgClSP (Magnitude)
Bio-signal range Whole range
Subject ZA (%) ZB (%) ZA (%) ZB (%)1 4.8 3.8 4.5 3.62 2.4 1.5 2.3 1.43 1.5 2.0 1.7 1.84 1.3 1.5 1.3 1.55 2.8 3.0 2.7 2.96 4.9 5.2 4.7 5.27 8.3 3.7 9.8 3.98 2.9 3.3 2.7 3.49 2.7 2.0 2.6 2.310 4.1 3.1 3.7 2.9
MEAN (SD) 3.6 (2.1) 2.9 (1.2) 3.6 (2.4) 2.9 (1.2)
Ag/AgClSP (Phase)
Bio-signal range Whole range
Subject ZA (%) ZB (%) ZA (%) ZB (%)1 4.6 5.4 3.2 2.72 5.7 1.9 3.5 0.73 2.8 42.5 3.4 22.54 6.8 9.7 4.5 8.35 1.7 2.5 0.9 1.76 6.1 2.1 3.4 1.37 1.4 1.0 1.1 2.28 10.5 4.3 4.0 2.19 5.0 3.0 2.4 1.310 5.2 2.5 3.1 2.3
MEAN (SD) 5.0 (2.7) 7.5 (12.5) 2.9 (1.2) 4.5 (6.7)
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Table 6.4: Normalised root mean square error between the raw experimental data and themodelled electrode-skin impedance using the Ag-SP electrode configuration for ten healthysubjects over the two frequency ranges: bio-signal (1 Hz–492 Hz) and whole (1 Hz–12.7 kHz).Ag-SP (Magnitude)
Bio-signal range Whole range
Subject ZA (%) ZB (%) ZA (%) ZB (%)1 3.7 3.1 4.2 3.52 8.1 11.5 9.2 12.73 52.3 68.3 61.7 80.04 15.7 11.9 17.7 13.55 2.8 4.5 3.1 5.06 14.7 34.1 17.0 39.77 23.3 27.3 27.9 32.28 9.0 5.5 10.5 6.49 6.8 4.7 8.3 5.710 1.4 2.2 1.7 2.5
MEAN (SD) 13.8 (15.1) 17.3 (20.9) 16.1 (17.9) 20.1 (24.5)
Ag-SP (Phase)
Bio-signal range Whole range
Subject ZA (%) ZB (%) ZA (%) ZB (%)1 2.3 3.8 2.0 3.02 3.9 4.2 4.9 5.53 6.8 4.3 4.4 3.44 3.6 5.4 2.8 4.25 4.0 1.9 3.2 1.76 9.5 5.5 6.7 3.87 3.8 6.4 2.7 4.38 4.4 5.2 2.9 3.79 3.6 3.9 3.0 2.910 1.6 3.3 1.3 2.6
MEAN (SD) 4.4 (2.3) 4.4 (1.3) 3.4 (1.6) 3.5 (1.0)





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 6.3: Electrode-skin impedance model fit for Subjects 3, 4 and 7 using Ag/AgClNSPelectrodes.




Figure 6.4: Electrode-skin impedance model fit for Subjects 3, 4 and 7 using Ag/AgClSPelectrodes.




Figure 6.5: Electrode-skin impedance model fit for Subjects 3, 4 and 7 using Ag-SP elec-trodes.
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6.3 Discussion
There are two key features which highlight the need for a summed exponential model:
a local phase maximum and phase asymmetry. A local phase maximum indicates that
there are two dominantly capacitive elements with different parameter values. When these
capacitive elements are contributing to the impedance at a similar frequency, there is no
local phase maximum. However, due to the different parameter values of each capacitive
element, the phase is asymmetric about the phase minimum. A summed exponential
model can be used to fit a local phase maximum and phase asymmetry. However, purely
capacitive elements result in a fixed gradient.
Researchers have attempted to use purely resistive and capacitive elements when mod-
elling the electrode-skin interface. However, this results in fixed gradients of the impedance
magnitude. As the magnitude gradients vary between subjects, electrode configuration and
within each data set, being able to fit to a wide range of magnitude gradients was required.
Replacing the purely capacitive elements with CPEs permitted fitting the magnitude gra-
dient over multiple subjects, electrode configurations and data sets. The model parameter
values for β1,2 ranged from 0.5–1.0, indicating that CPEs are necessary to properly char-
acterise the non-linear frequency behaviour of the electrode-skin interface.
Some data sets resulted in a large NRMSE for the model parameters. This is believed to be
due to noise in the raw data and recording error due to the temporal impedance relation-
ship of the electrode-skin interface. Low frequency noise is apparent in the raw Ag/AgClNSP
and Ag-SP electrode configuration data sets for Subject 7. Noisy raw data decreases the
ability to accurately fit the model parameters to the data, and inherently increases the
NRMSE. All three Ag-SP electrode configurations shown in Figure 6.5 over-estimate the
low frequency impedance. This is believed to be due to the temporal impedance rela-
tionship of the electrode-skin interface. A separate measurement was performed for one
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subject using the Ag/AgClNSP electrode configuration. The electrode-skin impedance was
measured twice, 30 minutes apart. Due to the temporal relationship, there was a 30%
reduction in electrode-skin impedance at 50 Hz. The raw data for this trial had a set-up
time, after electrode placement, of 2–5 minutes, with recording times of 9.7± 2.3 minutes.
The effect of the temporal relationship was noticed late in the trial. As the temporal re-
lationship is characterised as a negative exponential function, the impedance reductions
are greatest immediately after electrode placement. Therefore, a 15 minute wait period
was performed between applying the Ag/AgClNSP electrodes and recording the impedance
for Subjects 9 and 10. The wait period was aimed at providing a more stable electrode-
skin interface during the recording process. This likely contributed to the low NRMSE
observed for these subjects. It is likely that most of the recorded data were affected by
the temporal relationship of the electrode-skin interface, and may not truly represent the
instantaneous electrode-skin impedance, as we have a NLLS regression minimising the
error of time-invariant parameters for what is actually a time-variant system. These two
factors are believed to be the main contribution to the size of the observed error. To
reduce this error, the performance of the electrode-skin impedance measuring device
should be increased. This may be achieved by decreasing recording time and optimising
the gain of the device, decreasing the impact of the temporal relationship and increasing
the signal-to-noise ratio (SNR), respectively.
Comparing data from Ag/AgClNSP and Ag/AgClSP electrode configurations can assist in
understanding the effect skin preparation has on the electrode-skin interface. Skin prepa-
ration is thought to reduce the effect of the epidermis by shunting the impedance of the
stratum corneum. Comparing Figures 6.3 and 6.4 shows that skin preparation lowers the
break frequency of one parallel segment of the Ag/AgClNSP data sets. The biological phe-
nomenon causing this behaviour is believed to be caused by puncturing and thinning of the
stratum corneum. Puncturing and thinning the stratum corneum produces channels for
ions to flow, while decreasing the distance between charge accumulating layers, resulting
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in an increased capacitive element. It is difficult to confirm this theory by directly com-
paring the parameter values, since the Ag/AgClNSP and Ag/AgClSP data were obtained on
different arms and the parameters of the Ag/AgClNSP parallel segments were not fully inde-
pendent due to them contributing to the impedance simultaneously. However, comparing
Q2 between the two electrode configurations highlights the increased capacitive element,
resulting in the impedance contribution of that segment being at a lower frequency. This
theory highlights why skin preparation reduces the electrode-skin impedance, and how dif-
ferent electrode-skin impedance can occur between recording electrode pairs, producing
an electrode-skin impedance imbalance despite the application of skin preparation.
As the electrode-skin interface is non-linear with respect to frequency, non-linear com-
pensation will likely provide a better solution for balancing the impedance of multiple
electrode-skin interfaces when compared to linear compensation. Modelling the electrode-
skin impedance may provide quantitative insight to assist in developing a compensatory
network. This will be achieved by assisting in selecting the required component values and
configuration.
6.4 Summary
This study presents a method to model the electrode-skin interface from 1 Hz to 100 kHz.
NLLS regression was used to fit a seven-parameter model to the experimental data. Due to
the varying magnitude gradient between subjects and electrode configurations, a summed
exponential model with CPEs is required. The model was applied to impedance data col-
lected from ten subjects using three bipolar electrode configurations measured above the
biceps brachii. Initial estimates for the NLLS regression were formed using features of
both the magnitude and phase of the impedance data. Some features used to provide an
accurate fit required data in the range of 0.5Hz to 1 MHz. However, extrapolation below
1 Hz and above 100kHz was successfully used in this study.
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The electrode-skin impedance has a temporal relationship, therefore, the ability to model
the electrode-skin interface is affected by the time taken to record the electrode-skin
impedance. The raw data for this trial had a set-up time after electrode placement of
2–5 minutes, with recording times of 9.7± 2.3 minutes, and the data were affected by the
temporal relationship. A faster set-up and recording method would result in superior data
that better characterises the instantaneous electrode-skin impedance, and therefore, permit
a better fit.
The accuracy of the model fit for the ten subjects using the three electrode configurations
resulted in a mean error and standard deviation for the two electrodes over the bioelectrical
bandwidth of (12.5 ± 14.7) % for the magnitude and (4.5 ± 4.9) % for the phase using the
Ag/AgClNSP electrode configuration, (3.2± 1.7) % for the magnitude and (6.2± 8.9) % for the
phase using the Ag/AgClSP electrode configuration, and (15.5 ± 17.9) % for the magnitude
and (4.4± 1.8) % for the phase using the Ag-SP electrode configuration. The error is thought
to be largely due to the temporal relationship of the electrode-skin interface and not the
method used to model the electrode-skin interface.
Modelling the magnitude and phase for all three electrode configurations on the ten sub-
jects took 15.8 s, therefore, with a faster method of recording the electrode-skin impedance,
the method outlined in this study could be used in real-time during a bioelectrical record-
ing session to model the electrode-skin impedance and the imbalance between electrodes.
As a large portion of electrical interference detected in bioelectrical signals is a function
of the electrode-skin impedance imbalance, modelling the electrode-skin impedance may
permit the development of a method that quantitatively balances multiple electrode-skin in-
terfaces, and therefore, reduces electrical interference. To continue this research, Chapter
7 investigates the development of a faster electrode-skin impedance measurement system,






Bioelectrical signals can be contaminated by interference from extrinsic sources, such as
the mains power supply, and crosstalk from intrinsic sources in close proximity, such as
other muscles. The severity of electrical interference from extrinsic sources is a function of
the impedance imbalance between electrode-skin interfaces. By measuring and modelling
the impedance of each electrode-skin interface, a system to compensate the impedance
imbalance between electrode-skin interfaces can be developed. As the impedance of the
electrode-skin interface is time variant, the characterisation and compensation would be
applied regularly, in real-time, during the recording process, minimising variabilities asso-
ciated with each subject and recording session. Although impedance imbalances between
electrode-skin interfaces affect many bioelectrical recording techniques, this chapter fo-
cuses on the application to surface electromyography (sEMG). This chapter presents a
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novel device which compensates electrode-skin impedance imbalances in real-time for
sEMG.
7.1 Methods
Compensating impedance imbalances between electrode-skin interfaces can be achieved
by controlling the source impedance (electrode-skin interface), or the common-mode input
impedance of the bioelectrical instrumentation device. Controlling the source impedance
is performed by adding compensatory impedance in series between the electrode-skin
interface and the bioelectrical instrumentation device, Figure 7.1a, where RA and CA sym-
bolise a simplified electrode-skin interface, ZA, and R′A and C′A form the compensatory
impedance Z ′A. Series compensation aims at directly minimising the impedance imbalance
between electrode-skin interfaces. Controlling the common-mode input impedance of the
bioelectrical instrumentation device is achieved by adding compensatory impedance in par-
allel with the bioelectrical instrumentation device, Figure 7.1b. Parallel compensation aims
at balancing the resulting transfer functions formed between each electrode-skin interface
in series with the compensated bioelectrical instrumentation device. Both compensation




























Figure 7.1: Two methods of compensating for impedance imbalances between electrode-skin interfaces.
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To compensate impedance imbalances between electrode-skin interfaces in real-time, digi-
tally controllable compensatory impedance is required. The variable compensatory impedance
should have a low tolerance, a large variable span and be able to implement large impedances.
Series compensation requires a floating compensatory impedance. Since floating variable
impedances are harder to implement with the desired performance than ground refer-
enced variable impedances, parallel compensation was implemented to reduce the affect
of impedance imbalances between electrode-skin interfaces.
7.1.1 Compensation Overview
The process implemented to compensate for the impedance imbalance between electrode-
skin interfaces has six steps. This chapter outlines compensatory steps 2-5, and Chapter 8
validates the system by performing all steps on human subjects. The six steps implemented
to perform impedance compensation are:
1. Measure a set of muscle contractions and relaxation periods using sEMG. This forms
a pre-compensated electrical interference baseline detected in the bioelectrical signals
2. Measure the impedance of each electrode-skin interface
3. Simultaneously characterising the impedance of each electrode-skin interface using
a resistive-capacitive model, where the residual error is a function of the transfer
functions formed by each electrode-skin interface and compensatory impedance. The
resulting parameters form direct estimates for the compensatory impedance.
4. Apply the unique resistive-capacitive compensatory impedance to each electrode-skin
interface.
5. Measure and verify the applied compensatory impedance. This process permits the
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calculation of the frequency dependent gain applied to each electrode-skin interface
due to the transfer function formed by the impedance of the electrode-skin interface
and compensatory impedance
6. Reperform the set of muscle contractions and relaxation periods. This permits quan-
tifying the reductions in electrical interference due to applying the compensatory
impedance.
Performing these steps on a tripolar electrode configuration permits quantifying the re-
duction in electrical interference due to implementing the compensatory system, and has
the added benefit of crosstalk reduction. Therefore, the compensatory system is developed
for a tripolar electrode configuration. Electrical circuit schematics for the compensatory
system are outlined in Appendix F.
7.1.2 Measuring the Electrode-skin Impedance
Measuring the electrode-skin impedance is based off the technique outlined in Chapter
5. However, the process needs to be preformed twice to measure the impedance of the
three electrode-skin interfaces, and twice to confirm the applied compensatory impedance.
Therefore, a multiplexer was used to switch the excitation voltage between electrodes,
and analogue switches were used to disconnect the compensatory impedance from the
electrode-skin interfaces. A simplified schematic of the measurement process is outlined
in Figure 7.2, where VS(t) is the excitation voltage as a function of time; ILS(f, t) is the
low-side current flowing through the excited electrode-skin interfaces as a function of
excitation frequency and time; IHS(f, t) is the high-side current flowing through the excited
electrode-skin interfaces as a function of excitation frequency and time; VAC(f, t) is the
voltage measured across electrode A with respect to electrodeC as a function of excitation
frequency and time; VBC(f, t) is the voltage measured across electrodeB with respect to
electrode C as a function of excitation frequency and time; RAX , RBX and RCX are the























Figure 7.2: High level schematic of the electrode-skin impedance measurement technique.
resistances associated with the dermis and subcutaneous layers of the skin between the
respective electrodes; X is a common node connection for the resistances associated with
the dermis and subcutaneous layers of the skin.
To measure the impedance of the three electrode-skin interfaces, ZA, ZB and ZC , and
the applied compensatory impedance, Z ′A, Z ′B and Z ′C , the measurement system had four
configurations, Table 7.1. Excitation 1 produced an excitation path through electrode A
and electrode B, and excitation 2 produced an excitation path through electrode C and
electrode B. Excitation 1α and 2α use the same excitation paths as excitation 1 and 2,
respectively, but have the compensatory impedance switched on. Excitation 1α is used
to measure the compensatory impedance for electrode A, and excitation 2α is used to
measure the compensatory impedance for electrode C. The compensatory impedance for
electrode B cannot be measured using this configuration, another excitation path would be
required. If the error between the expected and measured compensatory impedance for
electrode A and electrode C is small, it is assumed that the compensatory impedance of
electrode B is also correctly implemented.
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Table 7.1: Positions of the multiplexer and analogue switches to achieve four excitationconfigurations.
Excitation number Multiplexer SCA SCB SCC1 Position 1 0 0 02 Position 2 0 0 01α Position 1 1 0 02α Position 2 0 0 10 : Open circuit, 1 : Closed circuit
The voltage across each electrode-skin interface and the series current was measured
using a frequency sweep from 20–500Hz. The data were sampled at 4 kS/s, where each of
the 14 logarithmically spaced discrete excitation frequencies (fk) excited the interface for
20-periods (T = 20× f−1k ), or a minimum of 1024 samples. Applying a discrete-time Fourier
transform (DTFT) to the voltage and current signals for each frequency, k, results in a
complex voltage across each electrode-skin interface and the series current.
The theory of measuring the impedance of each electrode-skin interface is based on the
principal that the impedance measurement reference electrode (the tripolar recording
electrode that is not in the primary excitation path) has a high impedance to ground.
This high impedance ensures that no current flows through the impedance measurement
reference electrode, and therefore, is at the same potential as the common node X. How-
ever, the analogue multiplexer and switches introduce parasitic capacitance, lowering the
effective impedance of the impedance measurement reference electrode to ground and
violating the assumption that no current flows through the impedance measurement ref-
erence electrode. Therefore, the impedance measurement reference electrode is not at
the same potential as the common node X. To account for this, the parasitic capacitance
introduced by the multiplexer and analogue switches was accounted for in the impedance
calculations.
A high level schematic diagram for excitation 1 and 1α, and 2 and 2α is outlined in Figure
7.3 and Figure 7.4, respectively, where CPP is the parasitic capacitance prior the electrode-
skin interface; Iprior(f ) characterises the current due to CPP ; IA1,1α(f ) is the current through
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Figure 7.4: High level circuit diagram for excitation 2 and 2α. The dashed parasiticcapacitance is in parallel with the low-side sense current. Therefore, the dashed parasiticcapacitance has negligible effect on the circuit. Note the difference in position of electrodeA (ZA), electrode C (ZC) and VCB(f ) between the different excitations.
electrode A during excitation 1 and 1α; IP1,1α(f ) characterises the current that is passing
through the impedance measurement reference electrode during excitation 1 and 1α due
to the parasitic capacitance, CP ; IC2,2α(f ) is the current through electrode C during excitation
2 and 2α; and IP2,2α(f ) characterises the current that is passing through the impedance
measurement reference electrode during excitation 2 and 2α due to CP .
Excitation 1 and 2 produce a set of eight measurements, Sm , and eight unknown parame-
ters, Su. Equation 7.28 and 7.29 list Sm and Su , respectively,
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Sm = {VAC1 (f ) , VCB1 (f ) , IHS1 (f ) , ILS1 (f ) , VCA2 (f ) , VCB2 (f ) , IHS2 (f ) , ILS2 (f )} , (7.1)
Su = { IA1 (f ) , IP1 (f ) , IC2 (f ) , IP2 (f ) , Iprior(f ) , ZA(f ) , ZB(f ) , ZC(f )} . (7.2)
The sets, Sm and Su form a solvable set of equations. The voltage of electrode A with
respect to electrode C is characterised by,
VAC1 (f ) = ZA(f )× IA1 (f ) + ZC(f )× IP1 (f ) . (7.3)
The differential recording which was implemented to measure the voltage of electrode
B with respect to the impedance measurement reference electrode, now measures the
voltage across the parasitic impedance of the impedance measurement reference electrode,
ZP1 (f ), with respect to the voltage across the low-side current sense impedance, VLS1 (f ). This
measurement is characterised by,
VCB1 (f ) = IP1 (f )× ZP1 (f )− VLS1 (f ) . (7.4)
The low-side current measurement is the difference between the current through electrode
A and the current through the impedance measurement reference electrode due to the
parasitic impedance,
ILS1 (f ) = IA1 (f )− IP1 (f ) . (7.5)
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The high-side current measurement gives,
IHS1 (f ) = IA1 (f ) + Iprior(f ) . (7.6)
The voltage across electrode C with respect to electrode A is characterised by,
VCA2 (f ) = ZC(f )× IC2 (f ) + ZA(f )× IP2 (f ) . (7.7)
The differential measurement of VCB2 (f ) has a different configuration than excitation 1, and
is characterised by,
VCB2 (f ) = ZC(f )× IC2 (f ) + ZB(f )× ILS2 (f ) . (7.8)
The low-side and high-side current measurements for excitation 2 have the same layout
as excitation 1, and are given by,
ILS2 (f ) = IC2 (f )− IP2 (f ) , (7.9)
IHS2 (f ) = IC2 (f ) + Iprior(f ) . (7.10)
Although, Iprior(f ) is a function of the parasitic capacitance of the multiplexer and analogue
switch, where these parasitic capacitances are documented in the associated device data
sheets, treating Iprior(f ) as an unknown reduces recording errors influencing IA1 and IC2 , as
Equations 7.6 and 7.10 result in being the sum of two unknowns, with one shared parameter.
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Equations 7.3, 7.7 and 7.8 contain the product of two unknown parameters. Therefore,
Equations 7.4 – 7.6, 7.9 and 7.10 were used to form a 5× 5 matrix of solvable equations to
determine the parameter values for the unknown currents, IA1 (f ), IP1 (f ), Iprior(f ), IC2 (f ), IP2 (f ).
Linear least squares was implemented in MATLAB (R2019b, MathWorks) to solve the matrix










ẐP 0̂ 0̂ 0̂ 0̂
−1̂ 1̂ 0̂ 0̂ 0̂
0̂ 1̂ 1̂ 0̂ 0̂
0̂ 0̂ 1̂ 1̂ 0̂










where X̂ denotes a 14 × 14 diagonal matrix formed from the elements of X(f ), which
results from measurements at the 14 frequencies. Since each parameter is a vector with
k elements, a diagonal matrix of each parameter must be used.
Using the remaining three equations, Equations 7.3, 7.7 and 7.8, the electrode-skin impedances
















Obtaining the impedance of each electrode-skin interface permits modelling the inter-
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faces, and calculating compensatory impedances to reduce the impact of the electrode-skin
impedance imbalance.
7.1.3 Modelling the Impedance of Electrode-skin Interfaces
Parallel compensation applies compensatory impedance in parallel with the bioelectrical
instrumentation device, to balance the resulting transfer functions formed between each
electrode-skin interface in series with the compensated bioelectrical instrumentation de-
vice. The transfer function of one electrode-skin interface in series with one compensatory
impedance is characterised as,
HA(f ) = Z ′AZ ′A + ZA . (7.13)
To compensate for impedance imbalances between electrode-skin interfaces, the transfer
functions formed for each electrode-skin interface and compensatory impedance must be
balanced,
HA(f ) = HB(f ) = HC(f ) , (7.14)
where HA,B,C are the three transfer functions of the three electrodes in the tripolar elec-
trode configuration.
The potential divider effect converts common-mode interference into differential-mode in-
terference due to imbalances between electrode-skin interfaces, even when the electrode-
skin interface is coupled with a high common-mode input impedance amplifier. There-
fore, the compensatory impedance is not required to produce a high common-mode input
impedance. However, low compensatory impedances will result in bioelectrical signals
CHAPTER 7. DEVELOPMENT OF AN ELECTRODE-SKIN IMPEDANCECOMPENSATORY SYSTEM 139
being largely attenuated, which may lead to signal degradation.
The individual transfer functions, Hi(f ), should have a flat response and zero phase shift
over the bioelectrical signal frequency range, ensuring the bioelectrical signals are not
distorted by a frequency dependent attenuation. According to Equation 7.13, balancing the
compensatory impedance with the electrode-skin impedance will produce transfer func-
tions with a flat magnitude response of -6 dB (0.5 VV ) attenuation and a 0 degrees phase shift.
Therefore, simultaneously modelling the impedance of each electrode-skin interface can
produce direct estimates for the compensatory impedance.
Constant phase elements (CPEs) can characterise the frequency dependence of the electrode-
skin interface, Chapter 6. However, CPEs are not physical components, and therefore,
cannot be realised in a physical circuit. Purely resistive and capacitive components cannot
truly represent the frequency dependence of the electrode-skin interface. Therefore, the
implementation of purely resistive and capacitive compensation cannot produce an ideal
transfer function. However, purely resistive and capacitive compensation can still be imple-
mented to balance multiple transfer functions. Therefore, purely resistive and capacitive
components are implemented to produce the compensatory impedance.
The bioelectrical signal recorded using sEMG has a frequency spectrum of 20–500 Hz.
Therefore, measuring and fitting a model to the impedance of each electrode-skin interface
using a parallel resistive-capacitive model over the bioelectrical signal spectrum produces
the parameter values required for each compensatory impedance. The resulting model
equation is,
Z ′ = R′ ||ZC′ ,
Z ′ = 1C′
j 2π f + 1R′C′ .
(7.15)
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The three electrode-skin interfaces of the tripolar electrode configuration were simulta-
neously modelled using non-linear least squares (NLLS) regression. The interior-point
algorithm was implemented in MATLAB (R2019b, MathWorks). The foundation of the
modelling method was based off the techniques outlined in Chapter 6. However, a simple
resistive-capacitive model was used.
Initial measurements of the electrode-skin interface during testing assisted in defining the
bounds and initial estimates for the parameters used in modelling the electrode-skin inter-
face. The low frequency impedance of the electrode-skin interface was within the range
of 1–100 MΩ, which formed the upper and lower bounds for the resistive component,
while minimising the required resistive span of the compensatory system. The minimum
capacitance which could be implemented was limited by the parasitic capacitance of the
compensatory device, which was formed by the multiplexer and analogue switch config-
ured for compensating the impedance imbalances. This parasitic capacitance limited the
lower bound for the capacitive element to 220 pF. The upper bound was formed during
initial testing, and set to 4.7 nF. The initial estimates for the resistive and capacitive elements
were set to 10 MΩ and 1 nF, respectively. These bounds were implemented for each of the
recording electrodes.
Ten objective functions were implemented to minimise the imbalance between each trans-
fer function while simultaneously producing a flat transfer function with -6 dB amplification
and zero phase shift. Three of the objective functions focused on producing transfer func-







|Hi(fk)| − 0.5}2 , (7.16)
where |Hi| symbolises the magnitude of the three transfer functions, HA, HB and HC . Three
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objective functions focused on producing transfer functions with zero phase shift. These







φHi (fk)− 0}2 , (7.17)
where φHi symbolises the phase of the three transfer functions, HA, HB and HC . Two
objective functions focused on balancing the magnitudes of the transfer functions between







|HA,C(fk)| − |HB(fk)|}2 , (7.18)
where S7 minimises the magnitude imbalance between electrode A and electrode B, and S8
minimises the magnitude imbalance between electrode B and electrode C. Two objective
functions focused on balancing the phase of the transfer functions between the three







φHA,C(fk)− φHB (fk)}2 , (7.19)
where S9 minimises the phase imbalance between electrode A and electrode B, and S10
minimises the phase imbalance between electrode B and electrode C.
The objective functions that prioritise producing a flat transfer function have a different
range to the objection functions that focus on balancing the transfer functions. Therefore, a
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normalisation process needs to be implemented to scale all values in the range of 0–1, such
that the values are all equally weighted. The equation used to calculate the normalisation
factors is,
fnormi = fi(x)− foifmaxi − foi , (7.20)
where fnormi is the ith normalisation factor, which typically ranges from 0–1; fi(x) is the
objective function; foi is the utopia point; and fmaxi is the maximum objective function
value for the ith objection function when calculating the utopia points. foi is calculated
by weighting the other objective function values to zero. This allows to determine the
minimum possible residual error for that one objective function. The ten normalised







7.1.4 Compensatory Impedance Design
Impedance bootstrapping utilising positive feedback can be used to control the input impedance
of an operational amplifier. To produce digitally controllable compensatory impedance, two
positive feedback paths with independent digitally controllable gains are required: one for
resistive compensation and one for capacitive compensation, Figure 7.5.
The input impedance of the operational amplifier is given by,
Zi = ViIi , (7.22)












Figure 7.5: Bootstrapped operational amplifier for digitally controllable input impedance.
where Vi is input voltage and Ii is the input current. Ii is the sum of the currents in the
positive feedback loops,
Zi = Vi1
RP (Vi − VoGR) + (Vi − VoGC) j 2π f Cp , (7.23)
where GR and GC are the variable gains in the resistive and capacitive positive feedback
loops, respectively; Rp and Cp are the physical resistive and capacitive components im-
plemented in the positive feedback loop, respectively; and Vo is the output voltage of the
operational amplifier. As the bootstrapped operational amplifier has unity gain, Vo = Vi ,
Equation 7.23 can be simplified,
Zi = 11
RP (1−GR) + (1−GC) j 2π f Cp . (7.24)





j 2π f + 1−GRRp Cp(1−GC)
. (7.25)











Figure 7.6: Simplified schematic of the effective variable common-mode input impedance.
This results in a compensatory impedance which is equivalent to a parallel variable resistive-
capacitive network in series with the electrode-skin interface and ground, Figure 7.6 and
Equation 7.15. The effective resistance, RE , of the compensatory impedance is given by,
RE = Rp1−GR , (7.26)
and the effective capacitance, CE , is given by,
CE = Cp (1−GC) . (7.27)
Therefore, to control the compensatory impedance, the variable gains (GR, GC) need to be
controlled. The values of the variable gains result in three scenarios:
• GR,C > 1 results in a negative effective impedance, and the variable gain device
requires larger supply rails than the operational amplifier to ensure the dynamic
range of the operational amplifier is not reduced.
• 0 ≤ GR,C < 1 produces an effective impedance that is greater than or equal to the
physical impedance. As the gain increases, so does the effective impedance.






Figure 7.7: The variable gain configuration used to control the gain within the positivefeedback loop of the bootstrapped operational amplifier. The first stage inverting opamphas a digitally controllable gain implemented using a rheostat, and the second invertingopamp re-inverts the signal, leading to a total gain range of 0-1.
• GR,C ≤ 0 results in an effective impedance that is less than or equal to the physical
impedance. Therefore, compensating electrode-skin interfaces with large impedances
requires large passive impedances.
The gain range of 0 ≤ GR,C < 1 was chosen to be the most suitable method of producing
variable compensation, as it does not require a larger supply voltage, and components
with lower absolute impedance tolerances can be used. There are multiple methods to
implement this gain range, including variable gain amplifiers (VGA) and programmable
gain amplifiers (PGA). However, VGA and PGA typically have non-linear gain responses,
which further increases the effective impedance tolerance as a function of gain. Increased
impedance tolerance can decrease the accuracy of the desired effective compensatory
impedance, reducing the affect of attempting to balance the transfer functions. VGA and
PGA typically do not have a large number of gain options between 0 and 1, making them
unsuitable for this application.
Therefore, a digitally controlled variable resistor was implemented as the feedback resis-
tance in a inverting amplifier configuration. To ensure a non-inverted signal, two inverting
amplifiers were required, Figure 7.7. The variable resistor was not configured to operate
ratiometrically (the segment of the variable resistor prior the wiper arm for the source
impedance, and the segment of the variable resistor after the wiper arm for the feedback
impedance) as this would produce non-linear variable gain.
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(a) Possible effective resistances (b) Possible effective capacitances
Figure 7.8: The 1024 realisable effective resistance and capacitance values.
Analog Device’s AD5272 10-bit, 1% end-to-end tolerance rheostat was implemented as the
variable feedback resistance. The rheostat in conjunction with Rp and Cp of 1 MΩ and
4.7 nF, respectively, resulted in the 1024 effective resistance and capacitance values, shown
in Figure 7.8. These physical component values were chosen since measured electrode-
skin impedances during testing were never below this range, and it gave a large span
which captured high impedance occurrences.
7.1.5 Measuring Compensatory Impedance
Measuring the compensatory impedance was performed using a similar method to mea-
suring the electrode-skin impedance. However, ZA(f ), ZB(f ) and ZC(f ) were known, and
Iprior was a function of the compensatory impedance. Therefore, Iprior1α and Iprior2α charac-
terise the current to ground after IHS(f ) but prior to entering the electrode-skin interface
for excitation 1α and 2α, respectively. Resulting in eight measurements, Smα, and six
unknown parameters, Suα. The set, Smα is defined as,
Smα = {VAC1α (f ) , VCB1α (f ) , IHS1α (f ) , ILS1α (f ) , VCA2α (f ) , VCB2α (f ) , IHS2α (f ) , ILS2α (f )} , (7.28)
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and the set, Suα is defined as,
Suα = { IA1α(f ) , IP1α(f ) , Iprior1α (f ) , IC2α(f ) , IP2α(f ) , Iprior2α (f )} . (7.29)
Therefore, the high-side current measurement when the compensatory impedance is ap-
plied for excitation 1α, is given by,
IHS1α (f ) = IA1α(f ) + Iprior1α (f ) , (7.30)
and the high-side current measurement when the compensatory impedance is applied for
excitation 2α, is given by,
IHS2α (f ) = IC2α(f ) + Iprior2α (f ) . (7.31)
The eight measurements and the six unknown parameters for the compensated system
formed an overdetermined set of equations, which were used to form a matrix of solvable
equations. Linear least squares was implemented in MATLAB (R2019b, MathWorks) to
solve the matrix equation. The matrix is defined as,













ẐC ẐA 0̂ 0̂ 0̂ 0̂
ẐP 0̂ 0̂ 0̂ 0̂ 0̂
−1̂ 1̂ 0̂ 0̂ 0̂ 0̂
0̂ 1̂ 1̂ 0̂ 0̂ 0̂
0̂ 0̂ 0̂ ẐA ẐC 0̂
0̂ 0̂ 0̂ 0̂ ẐC 0̂
0̂ 0̂ 0̂ −1̂ 1̂ 0̂











The parasitic capacitance of the multiplexer and analogue switches are known, and the
supply voltage is given by,
VS = VCB2α (f ) + VLS2α (f ). (7.33)
Therefore, the current passing through the parasitic capacitance prior the electrode-skin
interface after the application of the compensatory impedance is given by,
IPP(f ) = VSZPP(f ) , (7.34)
where ZPP(f ) is the impedance of CPP . The difference between Iprior1,2α (f ) and IPP(f ) is
the current associated with the compensatory impedance. Therefore, the compensatory
impedance for electrode A is given by,
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Z ′A(f ) = VSIprior1α (f )− IPP(f ) , (7.35)
and the compensatory impedance for electrode C is given by,
Z ′C(f ) = VSIprior2α (f )− IPP(f ) . (7.36)
7.2 Discussion
To simultaneously reduce electrical interference and crosstalk contamination, the com-
pensatory system was developed for a tripolar electrode configuration. Implementing the
compensatory system for a tripolar electrode configuration increases the complexity of the
measurement, modelling, and verification processes. Since the excitation voltage needed to
be switched between electrodes, analogue switches and a multiplexer were implemented.
However, these devices introduced parasitic capacitance. The parasitic capacitance low-
ered the impedance of the impedance measurement reference electrode, causing current
to flow through this electrode, violating the high impedance and negligible current flow as-
sumption of this measurement technique. Accounting for these parasitic capacitances was
achieved. However, it increased the complexity the compensatory system. Implementing
analogue switches and a multiplexer with lower parasitic capacitance would be beneficial,
but the electrical characteristic trade-off by achieving lower parasitic capacitance would
have to be investigated.
Since CPEs cannot be realised in a physical circuit, the impedance of the electrode-skin
interface was characterised using a resistive-capacitive model. A resistive-capacitive model
cannot truly represent the frequency dependence of the electrode-skin interface, and there-
fore cannot produce a flat transfer function with zero phase. However, a resistive-capacitive
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compensatory impedance can still be implemented to balance multiple transfer functions,
while reducing the implementation complexity of the physical compensatory impedance.
7.3 Summary
This study presents the development of a compensatory system which reduces the affects of
impedance imbalances between electrode-skin interfaces. The transfer functions formed
between each electrode-skin interface in series with the input impedance of the bioelectri-
cal instrumentation device is controlled, and the imbalance between each transfer function
is minimised. The system is developed for a tripolar electrode configuration. Therefore,
the successful implementation of the compensatory system will reduce electrical interfer-
ence and crosstalk contamination.
Implementing the compensatory system, and quantifying the reduction in electrical in-
terference and crosstalk contamination for a tripolar electrode configuration requires six
steps. The six steps are: measure the bioelectrical signal of a set of muscle contractions and
relaxation periods using sEMG; measure the impedance of the three electrode-skin inter-
faces; simultaneously characterise the impedance of the electrode-skin interfaces using a
resistive-capacitive model, which forms the direct estimates of the required compensatory
impedance; apply the unique compensatory impedance to each electrode-skin interface;
measure and verify the compensatory impedance, allowing the frequency dependent atten-
uation of the bioelectrical signal to be estimated; reperform the set of muscle contractions
and relaxation periods. The compensatory system is validated on ten subjects, where the





Bioelectrical instrumentation is used to measure weak bioelectrical signals. However, these
signals can be contaminated by several forms of interference: extrinsic sources, such as the
mains power supply, and crosstalk from endogenous sources in close proximity, such as
other muscles. The severity of electrical interference from extrinsic sources is a function of
the impedance imbalance between electrode-skin interfaces. A compensatory system was
developed to reduce the affects of impedance imbalances between electrode-skin interfaces
while simultaneously implementing a common crosstalk reduction technique. This chapter
presents the results from implementing the novel compensatory device on ten subjects, in
real-time, for recording bioelectrical signals using surface electromyography (sEMG).
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8.1 Methods
To implement and quantify the efficacy of the compensatory system, six steps are required.
The six steps are: measure the bioelectrical signal of a set of muscle contractions and
relaxation periods using sEMG; measure the impedance of the three electrode-skin inter-
faces; simultaneously characterise the impedance of the electrode-skin interfaces using a
resistive-capacitive model, which forms the direct estimates of the required compensatory
impedances; apply the unique compensatory impedance to each electrode-skin interface;
measure and verify the compensatory impedance, allowing the frequency dependent atten-
uation of the bioelectrical signal to be estimated; reperform the set of muscle contractions
and relaxation periods. To measure crosstalk contamination and the reduction in crosstalk
due to implementing a tripolar electrode configuration, the bioelectrical signals from the
biceps brachii and triceps brachii were simultaneously measured. To validate the efficacy
of the compensatory system, the device needs to be implemented on human subjects.
8.1.1 Subjects
Data from ten healthy subjects (five male and five female with a mean age of 25± 2)
were collected for this study. This study was approved by the Human Ethics Committee,
University of Canterbury (HEC 2019/68).
8.1.2 Experimental Procedure
To detect the presence and quantify the reduction in crosstalk contamination, three sEMG
devices were implemented:
1. bipolar electrode configuration on the biceps brachii
2. tripolar electrode configuration on the biceps brachii
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3. bipolar electrode configuration on the triceps brachii
This configuration permitted the detection, and possible reduction, of crosstalk contam-
ination on the biceps brachii during contraction of the triceps brachii. The impedance
compensatory system was implemented on the tripolar electrode configuration, permitting
quantifying the reduction in electrical interference and crosstalk contamination.
The sEMG devices were attached to the subject using elastic fabric, where the elastic fabric
was tightened so the electrodes were securely fastened, but would not restrict muscle
contractions. After sEMG device placement, the subject was informed with a detailed
structure of the trial, and performed a practice run of the trial.
The subjects performed five biceps/triceps contractions, had a two-second rest period, per-
formed five triceps/biceps contractions followed by another two-second rest period. This
process was performed twice, then a 20 second rest period was performed. After this
period, the impedance of the tripolar electrode-skin interfaces were measured, charac-
terised using a resistive-capacitive model (which directly formed the values for each of the
three compensatory impedances) followed by applying and verifying the compensatory
impedance. The subjects remained at rest until they were informed to perform the second
contraction set.
8.1.3 Measurement
The time associated with placing the electrodes on the subject, describing the structure of
the trial, and the subject performing a practice run of the trial, was (14.2± 7.4) minutes. The
bioelectrical signals were simultaneously measured from the right biceps brachii muscle
belly and the lateral head of the right triceps brachii muscle belly, where electrode A of the
tripolar electrode configuration was arranged to be the most distal electrode, ensuring con-
sistent sEMG device orientation. The pre- and post-compensated bioelectrical signals were
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each recorded over a 100-second period, using a sampling rate of 1 kS/s. Measuring, mod-
elling, and verifying the applied compensatory impedance took approximately 2 minutes.
Therefore, the trial took approximately 5 minutes per subject.
Silver (Ag) bar was used for the recording electrodes, and a Ag/AgCl electrode was placed
on the right elbow to use as the reference electrode. The Ag bar electrodes were con-
structed from 1mm round, 99.99% pure, silver wire, producing a 1x10 mm electrode, with
a 10 mm interelectrode distance for each electrode configuration. The Ag/AgCl electrode
was a VERMED VersaTrode, polyethylene foam, single use, wet gel teardrop electrode.
The adhesive foam had a diameter of 38.1 mm, and the electrode eyelet was 10.6 mm in
diameter.
The bioelectrical signal detected on the triceps brachii from Subject 2 was affected by
baseline drift, leading to saturation of the bioelectrical instrumentation device. Therefore,
skin preparation was performed to produce a stable recording. Since the skin preparation
was only applied to skin above the triceps brachii, the skin preparation did not effect the
electrode-skin impedance compensation. Skin preparation was achieved using 600 grit
sand paper, applying approximately 20 light uniform sweeps over a large area above the
lateral head of the triceps brachii muscle belly. The skin surface was sterilised using an
alcohol pad, 75% Ethyl Alcohol, and left for two minutes to dry.
The biceps contractions were performed using a 5 kg dumbbell, and the triceps contractions
were performed using a resistive fitness (elastic) band. The elastic band was 750 mm length,
with a mean load of 60 N at full triceps extension. The elastic band was attached overhead,
with the bottom of the band suspended 1.44 m from the ground. A knot in the end of
the elastic band ensured repeatable hand placement. The subjects were aligned with their
right arm directly in front of the elastic band, and the dumbbell placed on a raised surface
below the elastic band. Both contractions were performed with the palm facing inwards.
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The biceps contraction was performed by contracting the arm from full extension to an
elbow angle of approximately 100 degrees, with approximately a 1 second contraction cycle
and a 0.5 second rest after each contraction. The triceps extension had the same contraction
period. The triceps contraction was performed by reaching up to the elastic band, bringing
the shoulder back if required, followed by fully extending the triceps brachii. Subjects
1,5,7,9 and 10 performed biceps contractions first, and Subjects 2, 3, 4, 6 and 8 performed
triceps contractions first. During the rest period, the subject was informed to rest their
arm by their side. The data from this period was used to quantify the level of electrical
interference.
8.1.4 Analyses
The compensatory system produces a transfer function with the electrode-skin interface
and the compensatory impedance. This transfer function does not have a flat response,
therefore, the bioelectrical signal recorded from the tripolar electrode configuration has a
frequency dependent attenuation factor applied to it. Since the bipolar electrode configu-
rations do not have the compensatory system applied to it, and therefore, are not affected
by a frequency dependent attenuation factor, the bioelectrical signals from the three sEMG
devices are not directly comparable.
Since the transfer functions applied to electrode A and electrode C, of the tripolar elec-
trode configuration are calculated, the effective frequency dependent attenuation factor
applied to the bioelectrical signal measured using the tripolar electrode configuration can
be estimated. This was achieved by interpolating the magnitude and phase of the transfer
functions for electrode A and electrode C. The transfer functions were interpolated to con-
tain the same frequencies as the resulting frequency domain results. The interpolation is
performed using the MATLAB-specific makima interpolation, a modified Akima piecewise
cubic Hermite interpolation. This algorithm was chosen as it reduces the overshoot that
occurs when two consecutive data points have a consistent amplitude when using Akima
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interpolation, and the makima algorithm has reduced overshoot compared to spline in-
terpolation and a smoother derivative than cubic interpolation. The magnitude and phase
were then converted to cartesian form. The mean of the two transfer functions were
used to produce the frequency dependent attenuation factor for the compensated bioelec-
trical signal. As the electrode-skin impedance was measured using an excitation range of
20–500 Hz, the resulting scaling factor, and therefore the frequency based results, have a
frequency spectrum of 20–500 Hz.
Electrical interference analyses
The process of quantifying the reduction in electrical interference involved five metrics.
The first four metrics were quantified by calculating the root mean square error (RMSE)
for both the magnitude and phase at mains frequency (50 Hz) and over the bioelectrical
bandwidth. The five metrics are:
1. impedance imbalances between electrode-skin interfaces
2. the accuracy of the resistive-capacitive model fit
3. the accuracy of the applied compensatory impedance
4. the imbalance between the simulated transfer functions, formed from the parameters
produced by modelling the electrode-skin interface
5. the reduction in electrical interference due to the application of the compensatory
impedance
The impedance imbalance between electrode-skin interfaces was calculated between elec-
trode A and electrode B, electrode A and electrode C, and electrode B and electrode C.
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The parameters produced by characterising the impedance of the electrode-skin inter-
faces were used to form simulated resistive-capacitive compensatory impedance data sets,
with the same frequencies as the measured electrode-skin impedance data. The simulated
compensatory impedance data theoretically produce the optimal resistive-capacitive com-
pensation for the three measured electrode-skin impedances. The error between the mea-
sured compensatory impedance and the simulated compensatory impedance was used to
quantify the accuracy of the applied compensatory impedance. This metric was calculated
for electrode A and electrode C, as the compensatory impedance of electrode B could not
be measured using this impedance compensatory system. The imbalance between each of
the simulated transfer functions was calculated for electrode A and electrode B, electrode
A and electrode C, and electrode B and electrode C.
To quantify the level of electrical interference, a 15-second period was extracted from the
rest period after the muscle contraction sets had been preformed. Frequency spectral
analysis was performed using a single sided fast Fourier transform (FFT), where a sym-
metric Hamming window and zero padding with a factor of 8 was applied. The maximum
value within a ± 0.5 Hz range at five frequencies of interest were used to quantify the level
of electrical interference. The bioelectrical signals were contaminated with a large por-
tion of mains interference and interference from mains even-multiple harmonics. The
even-multiple harmonics are thought to be due to the fluorescent lights that were in the
room where the trial took place. Therefore, the five frequencies of interest were 50 Hz,
100 Hz, 200 Hz, 300 Hz and 400 Hz. The calculations were performed for pre- and post-
compensated bioelectrical signals, allowing the reduction in electrical interference across
the five frequencies of interest to be quantified.
Crosstalk contamination analyses
Each contraction set (the five biceps/triceps contractions) of the bioelectrical signals were
manually extracted. The data obtained during the triceps contractions were used to form
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crosstalk contamination and reduction results. This resulted in six contraction sets for the
pre- and post-compensated data: two contraction sets from the bipolar electrode configu-
ration on the biceps, two contraction sets from the tripolar electrode configuration on the
biceps and two contraction sets from the bipolar electrode configuration on the triceps.
Since the compensatory system results in a frequency dependent attenuation, the com-
pensated bioelectrical signals needed scaling before quantifying crosstalk. As the transfer
function was estimated in the frequency-domain, and there is controversy as to whether
a correlation-based index can reliably quantify crosstalk (De Luca & Merletti, 1988; Farina
et al., 2002), an amplitude-based metric calculated in the frequency-domain was used for
quantifying crosstalk. To quantify the presence and reduction of crosstalk, an FFT was
applied to each contraction set, and the mean of each contraction set pair was calculated.
The FFT of each contraction set pair was integrated with respect to the FFT frequency, by
approximating the cumulative integral via the trapezoidal method. The maximum of the
integral was used as the crosstalk detection metric, and the ratio between biceps-bipolar
and biceps-tripolar integral maximum was used to quantify crosstalk reduction. The FFT
data at the mains harmonics used to quantify crosstalk contamination was blanked, this
ensured that electrical interference would not skew the crosstalk metrics.
8.2 Results
8.2.1 Impedance Compensation
The impedance imbalance between the three electrode-skin interfaces for the ten subjects
is outlined in Table 8.1. The impedance imbalance between electrode-skin interfaces ranges
from (58.8–2,714) kΩ and (0.9–12.0) degrees over the bioelectrical signal range, with a mean
imbalance and standard deviation at mains frequency (50Hz) of (725.8± 645.5) kΩ for the
magnitude and (3.8± 2.9) degrees for the phase.
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Table 8.1: Electrode-skin impedance imbalance between the three electrodes.Mains frequency (50 Hz)
Electrodes A–B A–C B–C
Subject |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg)1 1,263.4 3.6 5.7 3.9 1,269.1 0.42 818.4 10.5 464.4 4.4 354.0 6.13 1,544.6 5.8 66.7 0.2 1,477.9 5.64 1,114.2 4.1 290.9 3.9 823.3 0.25 140.6 3.0 62.9 1.4 203.6 1.66 271.1 3.0 180.8 10.5 451.9 7.57 798.5 0.6 1,973.2 7.2 2,771.7 7.78 106.9 3.3 1,232.8 0.5 1,125.9 3.89 620.4 1.1 216.8 2.6 403.6 1.510 430.9 4.3 860.5 5.3 429.6 1.1
MEAN (SD) 710.9 (489.0) 3.9 (2.8) 535.5 (639.0) 4.0 (3.2) 931.1 (779.8) 3.5 (3.0)
Whole range (20–500 Hz)
Electrodes A–B A–C B–C
Subject |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg) |Z| (kΩ) φ (deg)1 1,212.2 3.2 171.2 3.3 1,356.2 1.72 777.9 8.3 491.2 4.4 291.8 4.93 1,268.6 3.3 141.2 1.7 1,298.9 2.84 1,044.6 4.9 187.4 2.8 871.8 2.45 121.4 2.3 58.8 1.5 178.4 0.96 254.7 2.0 223.5 9.1 472.8 7.47 736.4 1.4 1,978.5 10.8 2,714.2 12.08 206.5 1.8 1,124.7 4.5 924.4 6.09 638.0 1.2 111.2 2.1 544.3 1.310 475.0 3.7 651.5 5.4 194.0 1.8
MEAN (SD) 673.5 (413.1) 3.2 (2.1) 513.9 (610.5) 4.6 (3.1) 884.7 (771.4) 4.1 (3.5)
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The accuracy of the resistive-capacitive model fit for the ten subjects over the three
electrode-skin interfaces is outlined in Appendix G, Table G.1. The normalised mean er-
ror and standard deviation for the three electrode-skin interfaces over the bioelectrical
bandwidth are (13.2± 7.2)% for the magnitude and (17.8± 4.1)% for the phase.
The error between the measured compensatory impedance and the simulated compen-
satory impedance for the ten subjects using electrode A and electrode C is outlined in
Appendix G, Table G.2. The normalised mean error and standard deviation for the two
electrode-skin interfaces over the bioelectrical bandwidth are (7.3± 4.5)% for the magni-
tude and (3.3± 4.3)% for the phase. As the standard deviation of the phase is larger than
the mean, and the data is non negative, the data has a right skewed distribution.
The imbalance between the three simulated transfer functions for the ten subjects is out-
lined in Appendix G, Table G.3. The mean error and standard deviation for the three
transfer functions over the bioelectrical bandwidth are (9.2± 4.7)% for the magnitude and
(1.6± 1.4) degrees for the phase.
The error between the simulated and measured transfer functions for the ten subjects
using electrode A and electrode C is outlined in Appendix G, Table G.4. The mean error
and standard deviation for the three transfer functions over the bioelectrical bandwidth
are (12.1,± 8.0)% for the magnitude and (1.0± 1.3) degrees for the phase.
The magnitude of electrical interference at the five frequencies of interest, 50Hz, 100 Hz,
200 Hz, 300 Hz and 400 Hz, for the ten subjects are (107.0± 80.0)µV for the pre-compensated
bioelectrical signals and (64.6± 36.7)µV for the post-compensated bioelectrical signals. The
pre- and post-compensated results are outlined in Appendix G.5 and G.6, respectively.
CHAPTER 8. EXPERIMENTAL VALIDATION OF THE ELECTRODE-SKINIMPEDANCE COMPENSATORY SYSTEM 161
Table 8.2: Reduction in electrical interference due to the application of the compensatorysystem, measured at the 5 frequencies of interest
Frequency (Hz) 50 100 200 300 400
Subject |H| (%) |H| (%) |H| (%) |H| (%) |H| (%)1 91.5 89.0 87.6 87.4 87.82 61.2 94.4 86.4 80.0 82.23 92.9 95.3 91.6 86.2 83.54 60.4 86.8 96.8 95.6 92.35 47.4 48.9 52.0 55.0 54.96 58.8 72.4 70.2 69.2 71.07 39.9 87.2 78.5 87.1 93.08 -81.9 -24.8 -15.8 -16.2 -1.49 45.8 81.8 87.0 88.6 89.510 22.8 62.9 61.2 58.9 57.4
MEAN (SD) 43.9 (49.2) 69.4 (36.2) 69.6 (33.2) 69.2 (32.9) 71.0 (28.9)
The reduction of electrical interference at the five frequencies of interest, 50 Hz, 100 Hz,
200 Hz, 300 Hz and 400 Hz, for the ten subject is outlined in Table 8.2. The mean and
standard deviation of reduction in electrical interference at the five frequencies of interest
is (64.6± 36.7)%.
The measured electrode-skin impedance, simulated compensatory impedance and the mea-
sured compensatory impedance for Subjects 3, 7 and 8 are presented in Figure 8.1. Figures
for all ten subjects are shown in Appendix I. These subjects were chosen because they show
a range of interesting results. Subject 3 had the largest reduction in electrical interference
at mains frequency due to applying the compensatory system; Subject 7 had the largest
impedance imbalance between uncompensated electrode-skin interfaces; Subject 8 was the
only subject to have an increase in electrical interference due to applying the compensatory
system.
The simulated and measured transfer functions for Subjects 3, 7 and 8 are presented in
Figure 8.2. Figures for all ten subjects are shown in Appendix J.
The data obtained from applying an FFT to the pre- and post-compensated bioelectrical sig-
nals extracted during the resting period for Subjects 3, 7 and 8 are presented in Figure 8.3.
Figures for all ten subjects are shown in Appendix K.




Figure 8.1: Electrode-skin impedance, simulated compensatory impedance and measuredcompensatory impedance for Subjects 3, 7 and 8.




Figure 8.2: Simulated and measured transfer functions for Subjects 3, 7 and 8.
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(a) Subject 3. (b) Subject 7.
(c) Subject 8.
Figure 8.3: FFT for pre- and post-compensated bioelectrical signals for Subjects 3, 7 and 8.
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Table 8.3: Integration ratio between the pre- and post-compensated bioelectrical signals.Pre–compensation Post–compensationSubject BicepDD−SD (%) BicepDD−SD (%)1 316 2032 412 8533 466 2554 219 1655 210 2766 244 6727 414 3438 371 3439 321 23010 201 250
MEAN (SD) 317 (96) 359 (224)
8.2.2 Crosstalk
The integration results for the bioelectrical signals recorded from the three sEMG devices
during triceps brachii contractions from the ten subjects, pre- and post-compensation are
outlined in Appendix G, Table H.1 and H.2, respectively. The comparison between the
integral of the bioelectrical signals recorded from the biceps brachii using the tripolar
and bipolar electrode configurations during triceps brachii contractions are outlined in
Table 8.3.
The pre- and post-compensated bioelectrical signals recording during muscle contractions,
for Subjects 3, 7 and 8 are presented in Figure 8.4. The red and blue highlighted sections
indicate the regions where the five contractions were extracted from. Since the transfer
function due to applying the compensatory impedance has an approximate amplification
factor of 0.5, the compensated bioelectrical signal recorded using the tripolar electrode
configuration had an amplification factor of 2 applied using post processing. This was
performed only for visual comparison between the three electrode configurations. Figures
for all ten subjects are shown in Appendix L.
The data obtained from applying an FFT to the pre- and post-compensated bioelectrical
signals extracted from the triceps brachii contraction regions for Subjects 3, 7 and 8




Figure 8.4: Bioelectrical signals from the three sEMG devices, pre- and post-compensationfor Subjects 3, 7 and 8.
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are presented in Figure 8.5. Figures for all ten subjects are shown in Appendix M. The
integrated FFT data for the three sEMG devices during triceps brachii contractions for the
ten Subjects pre- and post-compensation are presented in Appendix N.




Figure 8.5: FFT applied to the bioelectrical signals during contraction of the triceps, forSubjects 3, 7 and 8. A Savitzky-Golay finite impulse response filter was applied to increasevisual ability.
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8.3 Discussion
The impedance imbalance between the three electrode-skin interfaces of the tripolar elec-
trode configuration does not indicate an obvious trend. In some instances two interface
pairs had an impedance imbalance far larger than the mean impedance imbalance, with
the third interface pair having a smaller impedance imbalance. The interface pair with
the small impedance balance was not consistent, and changed between the electrode A-
B and A-C interface pairs. In four occurrences all three interface pairs were below the
mean impedance imbalance. This indicates that the sEMG device did not cause a con-
sistent impedance imbalance between two electrode-skin interfaces, and that impedance
imbalances between electrode-skin interfaces can be large and are unpredictable.
As the Ag electrodes were the same dimensions as used in Chapter 5, the reduction in
electrode-skin impedance imbalance due to abrasive skin preparation can be determined.
The mean and standard deviation of the impedance imbalance at mains frequency (50 Hz),
using the Ag bar electrodes, with skin preparation applied, was (36.2± 45.1) kΩ for the
magnitude and (3.4± 3.6) degrees for the phase. When skin preparation was not applied, the
mean and standard deviation of the impedance imbalance at mains frequency (50 Hz) was
(725.8± 645.5) kΩ for the magnitude and (3.8± 2.9) degrees for the phase. Therefore, on
average, applying skin preparation to this electrode configuration should reduce electrical
interference by a factor of 20, with minimal effect of the phase imbalance.
As expected, a resistive-capacitive model cannot capture the frequency dependence of the
electrode-skin interface. Since the model cannot truly characterise the electrode-skin in-
terface, the physical implementation of the compensatory impedance will not produce a
flat transfer function with zero phase. The error associated with the fit of the phase data
has a larger mean, and smaller standard deviation than the magnitude error, indicating
that the phase is the primary problem for modelling of the electrode-skin interface.
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The normalised error between the simulated and measured compensatory impedance is
(7.3± 4.5)% for the magnitude and (3.3± 4.3)% for the phase. This indicates that the method
of producing the digitally controllable variable impedance using the bootstrapped opera-
tional amplifier was successful. This successful implementation lead to reductions in electri-
cal interference in nine of the ten subjects. The reduction in electrical interference ranged
from (22.8–92.9)%. Subjects 7, 8 and 10 had the lowest reductions in electrical interference.
Subject 7 had the largest impedance imbalance between electrode-skin interfaces. This
is thought to be the reason why the impedance modelling error and imbalance between
simulated transfer functions had the largest errors of all subjects. However, Subject 7
still resulted in a reduction of mains interference of 39.9%. Subject 10 had the lowest re-
duction in electrical interference, and Subject 8 had an increase in electrical interference.
Except for the level of electrical interference reduction, the results from these subjects
were not outlying. It is thought that the limited reduction in electrical interference may be
due to the electrodes shifting after the final contraction and prior the resting period, caus-
ing the electrode-skin impedance to varying, and not be balanced with the compensatory
impedance. Subjects 1, 2, 3 and 4 had reductions in electrical interference above 60%.
These subjects also had the largest impedance imbalances between electrode A and B, and
electrode B and C, with a small impedance imbalance between electrode A and C. This
combination produces the largest form of electrical noise, leading to the largest possibility
of reducing the electrical interference. This is due to the potential divider effect impacting
a tripolar electrode configuration more than a bipolar electrode configuration. The poten-
tial divider effect results in an interference potential from electrode A and electrode B, and
a second interference potential from electrode B and electrode C. The differential-mode
signal from these two interference potentials are then amplified by the third differential
amplifier in the tripolar electrode configuration.
Two methods were used to quantify the presence of crosstalk. One visual and one quan-
titative method. In the presence of crosstalk, the FFT results of the bioelectrical signal
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detected from the biceps brachii would have a scaled down version of the FFT result of
the bioelectrical signal from the triceps brachii, and the integration of the FFT results
would have similar amplitudes. To quantify crosstalk reduction, the bioelectrical signal de-
tected from the tripolar electrode configuration on the biceps brachii should be less than
the bipolar electrode configuration on the biceps brachii. Comparing the pre- and post-
compensated results for the bipolar sEMG devices shows that contraction strength was
consistent throughout the trial. Therefore, pre- and post-compensated contraction data
can be compared.
The integration results indicate that Subjects 1, 2, 4, 7 and 8 may have crosstalk present.
However, visual inspection of the bioelectrical signals indicate that subjects 2, 7 and 8 were
affected by motion artefact. The motion artefact is likely due to the large sEMG device
lifting throughout the contraction as the biceps brachii changes shape. Therefore, only
Subjects 1 and 4 potentially had crosstalk present in there contractions. Literature indicates
that crosstalk can range from 4–60%, but the upper arm is expected to be in the lower of
this range. As only two subjects were detected with crosstalk, co-contraction of the biceps
brachii and triceps brachii may have occurred. In all subjects, the bioelectrical signal
detected from the tripolar electrode configuration was larger than the bipolar electrode
configuration on the biceps brachii, both pre- and post-compensation. This indicates that
the tripolar electrode configuration did not reduce crosstalk contamination.
8.4 Summary
This study presents a method to measure the impedance of three electrode-skin inter-
faces, simultaneously characterise the impedance of the electrode-skin interfaces using a
resistive-capacitive model, which are used to form the direct estimates for the impedance
compensatory system. The compensatory impedances are then measured, verifying the
correct implementation, and allowing the frequency dependent attenuation of the bioelectri-
cal signal to be estimated. Bioelectrical signals were measured pre- and post-compensation,
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permitting quantifying the reduction in electrical interference. The compensatory system
was implemented using a tripolar electrode configuration, allowing crosstalk to be investi-
gated.
Crosstalk was detected on two subjects, but is thought to be due to co-contraction. There-
fore, the tripolar electrode configuration, implemented in this study, was not required for
improving bioelectrical signal acquisition. The implementation of the compensatory system
on the tripolar electrode configuration only increased the complexity of implementing the
compensatory impedance, without any added advantage. However, crosstalk is expected
on the forearm. Therefore, if bioelectrical signals were being measured on the forearm,
implementing the compensatory system using a tripolar electrode configuration may be
beneficial.
The compensatory system was successful in reducing electrical interference in nine of
the ten subjects, where the reduction ranged from (23–93)%. There was even a 40% re-
duction in electrical interference when a 2.7MΩ (at mains frequency, 50 Hz) electrode-skin
impedance imbalance was present. Therefore, the novel compensatory system successfully
improved real-time, bioelectrical signal acquisition.
CHAPTER 9
Conclusions
Stroke is the third leading cause of disability (Feigin et al., 2014) and the fifth most com-
mon cause of death worldwide (Benjamin et al., 2017). It is common for stroke to impair
a subject’s ability to perform activities of daily living, removing a subject’s independence.
Physical therapy can enable a subject to regain their lost functionalities (Dam et al., 1993;
Smith et al., 1981). However, traditional rehabilitation is time consuming and labour inten-
sive, potentially resulting in a costly rehabilitation. Assistive robotic devices can reduce the
time and physical exertion required from a therapist, allowing more intensive repetitive
training while reducing the cost of therapy (Dı́az et al., 2011).
The incorporation of surface electromyography (sEMG) into assistive robotics can enable
patient-driven intention-based control, leading to increased patient interaction and a more
natural, unconscious interface. sEMG is the non-invasive technique of measuring the bio-
electrical activity of the skeletal muscle at the skin surface (Basmajian & De Luca, 1979).
However, electrical interference and bioelectrical crosstalk limit the practical ability to use
bioelectrical signals for assistive robotic control.
CHAPTER 9. CONCLUSIONS 174
Bioelectrical signals can be contaminated by interference from extrinsic sources, such as
the mains power supply, and crosstalk from intrinsic sources in close proximity, such as
other muscles. In built-up environments, the human body is capacitively coupled to the
mains power supply and ground, causing conduction currents to flow through the human
body (Huhta & Webster, 1973; Metting van Rijn et al., 1990; Webster, 2009). The conduction
currents result in a common-mode potential at the recording electrodes. Each electrode
in contact with the skin has a high impedance electrode-skin interface, which has the
potential to convert the common-mode signal into a differential-mode signal due to the
potential divider effect (Huhta & Webster, 1973; Metting van Rijn et al., 1990; Pacela, 1967).
The severity of electrical interference from extrinsic sources is a function of the impedance
imbalance between electrode-skin interface.
There are methods of reducing this interference, but the efficacy of these techniques are
limited. Shielded electrode leads reduce the input impedance of the bioelectrical instru-
mentation device, increasing the differential-mode interference produced due to the poten-
tial divider effect (Huhta & Webster, 1973; Metting van Rijn et al., 1990); the performance
of the right leg driver (RLD) is limited; skin preparation can be time consuming, leading
to skin irritation and large interference potentials when performed incorrectly; and signal
processing can attenuate a portion of the signal of interest.
Bioelectrical crosstalk, detected with sEMG, is the phenomenon of one muscle’s signal
influencing the recording of another. Crosstalk contamination makes it difficult to measure
the bioelectrical signal from a single muscle, which can lead to misrepresentation of the
target signal, making it difficult to provide accurate biofeedback. The tripolar electrode-
configuration is commonly used to reduce crosstalk contamination. Therefore, balancing
the impedance of three electrode-skin interfaces may reduce electrical interference and
crosstalk contamination simultaneously, with the potential to improve bioelectrical signal
acquisition.
CHAPTER 9. CONCLUSIONS 175
Previous research has been conducted on balancing the impedance between two electrode-
skin interfaces by adding some form of compensation, but there are limitations in these
studies. These compensatory methods are limited due to being non-real-time, not being ca-
pable of being realised on humans subjects, require manual tuning or applying a frequency
dependent attenuation to the bioelectrical signal, limiting the ability to use the bioelectrical
signal for biofeedback and assistive robotic control.
The aim of this thesis was to develop a novel, real-time electrode-skin impedance compen-
satory system to improve bioelectrical signal acquisition, particularly for sEMG. This was
achieved by developing an open source sEMG device; a system to measure the impedance,
and impedance imbalance of electrode-skin interfaces formed using dry electrodes; a
method to characterise the measured electrode-skin impedance; and the novel electrode-
skin impedance compensatory system, which was implemented using a tripolar electrode
configuration.
The impedance imbalance between electrode-skin interfaces ranged from (58.8–2,714) kΩ
and (0.9–12.0) degrees over the bioelectrical signal range (20–500 Hz), with a mean imbal-
ance and standard deviation at mains frequency (50 Hz) of (725.8± 645.5) kΩ for the magni-
tude and (3.8± 2.9) degrees for the phase. The compensatory system was implemented on
a tripolar electrode configuration, resulting in a reduction of electrical interference in nine
of the ten subjects, which ranged from (23–93)%. This reduction in electrical interference
highlighted the successful development and implementation of the novel compensatory
system. By performing electrode-skin impedance compensation, a higher quality bioelec-
trical signal can be realised, requiring less signal processing while resulting in more infor-
mation from the raw bioelectrical signal. Therefore, the compensatory system improves
bioelectrical signal acquisition, with the potential to lead to improved biofeedback used in
controlling assistive robotic devices for stroke rehabilitation.
CHAPTER 10
Future Work
To continue this research, multiple areas could be investigated. Validating the need for
the tripolar electrode configuration by performing a study on forearm crosstalk should
be performed. Although literature suggests crosstalk contamination is a concern, there
was limited evidence to support this claim while measuring the bioelectrical signal from
the biceps/triceps. In the absence of crosstalk, implementing the compensatory system
using a bipolar electrode configuration will reduce system complexity, with the potential to
optimise the compensatory system.
By implementing a bipolar electrode configuration for the compensatory system, the mea-
surement and characterisation of the electrode-skin impedance, and the implementation of
the compensatory impedance is simplified. This simplification has the potential to reduce
system size, cost and complexity, while increasing system performance. Without the need
to measure and quantify the reduction of crosstalk contamination, the non-compensated
bipolar electrode configuration on the compensatory board can be removed. The removal
of the non-compensated bipolar electrode configuration permits increasing the physical
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electrode area. Since the electrode-skin impedance is inversely proportional to the elec-
trode area, an increased electrode area will reduce the electrode-skin impedance and the
impedance imbalance between electrode-skin interfaces, leading to a reduction in electrical
interference.
If a tripolar electrode configuration is not required, the multiplexer used to switch the
excitation path during the impedance measurement process can be removed. Therefore,
the amount of parasitic capacitance impacting the electrode-skin impedance measurement
would be reduced. A further reduction in parasitic capacitance could be achieved by
replacing the analogue switches with more optimised variants. This has the potential to
reduce the complexity of measuring the impedance of the electrode-skin interface, leading
to the use of the original impedance measurement method outlined in Chapter 5.
The electrode-skin interface has a temporal relationship. Therefore, the impedance of the
electrode-skin interface is time-variant. To manage this phenomenon, the impedance of
the electrode-skin interface may need to be measured regularly. However, if the temporal
relationship is investigated and characterised, updating the implemented compensatory
impedance may be required less regularly. This is due to having an understanding of how
the required compensatory impedance will change with respect to time.
The bioelectrical signal is also affected by muscle fatigue. However, this relationship is not
well defined. Investigation into the effect muscle fatigue has on the bioelectrical signal may
provide further information for improving bioelectrical signal acquisition and biofeedback.
With improved bioelectrical signal acquisition, more information can be obtained from the
bioelectrical signal due to requiring less signal processing. With more information, a
superior control algorithm can be developed, and incorporated with an assistive robotic






Files and ADC Pin
Connections
The open source bipolar surface electromyography (sEMG) design has eight open source
files supplied with it. The available files are outlined in Table A.1. A summary of the
analogue-to-digital converter (ADC) pin connections are outlined in Table A.2.
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Table A.1: Open source design files available for the sEMG design.
Design filename File typeEMG project altium.zip Altium projectEMG.pdf pdf SchematicEMG BOM.xlsx BOM spreadsheetEMG gerber files.zip Gerber and drill filescable adapter.zip Gerber and drill filesEMG case.STL 3D print fileelectrode spacing.STL 3D print fileEMG example code.ino Ardiuino script
Table A.2: Summary of the ADC (AD7768-1) connections.





The Altium Schematics for the open source bipolar sEMG device are provided. Figure B.1
outlines the digital circuitry schematic, Figure B.2 shows the schematic of the power dis-
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Figure B.3: Analog circuitry Schematic for the sEMG device.
APPENDIX C
Modelling the Step Response
of Electrode-Skin Interfaces
in the Time Domain
The general equations which characterise the step response of the electrode-skin interface
in the time domain are characterised by non-linear expressions that consist of the model
component variables.
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The first exponential base scalar for the general voltage expression is,
V1 = VS(t)2α (R1 + R4) (R1 + R2 + R3 + R4)[
− 2 (C1R1R22 R4 + C2 R1R32 R4
+C1R12 R22 +C2 R12 R32)
+ α (R1R3 − R2 R4)
+ β (R1R2 + R1R3)
− γ (R1R2 + R2 R4) ] ,
(C.1)
where α, β and γ are functions of the component values, R1 -R4, C1, C2,
α =√C12 R12 R22 + 2C12 R1R22 R3
+√2C12 R1R22 R4 +C12 R22 R32
+√2C12 R22 R3 R4 +C12 R22 R42
−
√2C1C2 R12 R2 R3 + 2C1C2 R1R22 R3
−
√2C1C2 R1R2 R32 + 4C1C2 R1R2 R3 R4
+√2C1C2 R22 R32 − 2C1C2 R22 R3 R4
−
√2C1C2 R2 R32 R4 + 2C1C2 R2 R3 R42
+√C22 R12 R32 + 2C22 R1R2 R32
+√2C22 R1R32 R4 +C22 R22 R32
+√2C22 R2 R32 R4 +C22 R32 R42 ,
(C.2)
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β =C1R1R2 +C1R2 R3 +C2 R1R3 +
C1R2 R4 +C2 R2 R3 +C2 R3 R4 , (C.3)
γ = 2C2 R32 −C1R1R2 −C1R2 R3 +C2 R1R3
−C1R2 R4 +C2 R2 R3 +C2 R3 R4 . (C.4)
The second exponential base scalar for the general voltage expression is,
V2 = VS(t)2α (R1 + R4) (R1 + R2 + R3 + R4)[
+ 2 (C1R1R22 R4 + C2 R1R32 R4
+C1R12 R22 +C2 R12 R32)
+ α (R1R3 − R2 R4)
− β (R1R2 + R1R3)
+ γ (R1R2 + R2 R4) ] ,
(C.5)
the steady state voltage constant is,
V3 = (R1 + R2)VS(t)R1 + R2 + R3 + R4 , (C.6)
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the first exponential base scalar for the general current expression is,
I1 = VS(t)2α (R1 + R4) (R1 + R2 + R3 + R4)[
+ α (R2 + R3) + β (R2 + R3)
− 2(C1R1R22 +C2 R1R32
+ C1R22 R4 +C2 R32 R4)] ,
(C.7)
the second exponential base scalar for the general current expression is,
I2 = VS(t)2α (R1 + R4) (R1 + R2 + R3 + R4)[
+ α (R2 + R3)− β (R2 + R3)
+ 2(C1R1R22 +C2 R1R32
+C1R22 R4 +C2 R32 R4)] ,
(C.8)
the steady state current constant is,
I3 = VS(t)R1 + R2 + R3 + R4 , (C.9)
the time constant associated with the first exponential is,
τ1 = α+ β2 C1 C2 R2 R3 (R1 + R4) , (C.10)
and the time constant associated with the second exponential is,
τ2 = −α+ β2 C1 C2 R2 R3 (R1 + R4) . (C.11)
APPENDIX D
Electrode-Skin Impedance
Imbalance Measured in the
Frequency Domain
The electrode-skin impedance of ten subjects using the three electrode configurations,
Ag/AgClNSP, Ag/AgClSP and Ag-SP, are outlined in Sections D.1, D.2 and D.3, respectively.
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D.1 Ag/AgClNSP electrodes
(a) Subject 1.
Figure D.1: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClNSPelectrodes




Figure D.1: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClNSPelectrodes (cont.).




Figure D.1: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClNSPelectrodes (cont.).




Figure D.1: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClNSPelectrodes (cont.).





Figure D.2: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClSPelectrodes.




Figure D.2: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClSPelectrodes (cont.).




Figure D.2: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClSPelectrodes (cont.).
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(j) Subject 10.
Figure D.2: Electrode-skin impedance imbalance for 10 healthy subjects using Ag/AgClSPelectrodes (cont.).





Figure D.3: Electrode-skin impedance imbalance for 10 healthy subjects using Ag-SP elec-trodes.




Figure D.3: Electrode-skin impedance imbalance for 10 healthy subjects using Ag-SP elec-trodes (cont.).




Figure D.3: Electrode-skin impedance imbalance for 10 healthy subjects using Ag-SP elec-trodes (cont.).
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(j) Subject 10.
Figure D.3: Electrode-skin impedance imbalance for 10 healthy subjects using Ag-SP elec-trodes (cont.).
APPENDIX E
Electrode-Skin Impedance
Imbalance Modelled in the
Frequency Domain
The electrode-skin impedance model fit for ten subjects using the three electrode con-
figurations, Ag/AgClNSP, Ag/AgClSP and Ag-SP, are outlined in Sections E.1, E.2 and E.3,
respectively.
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E.1 Ag/AgClNSP electrodes
(a) Subject 1.
Figure E.1: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClNSPelectrodes.




Figure E.1: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClNSPelectrodes (cont.).




Figure E.1: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClNSPelectrodes (cont.).




Figure E.1: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClNSPelectrodes (cont.).





Figure E.2: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClSPelectrodes.




Figure E.2: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClSPelectrodes (cont.).




Figure E.2: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClSPelectrodes (cont.).
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(j) Subject 10.
Figure E.2: Electrode-skin impedance model fit for 10 healthy subjects using Ag/AgClSPelectrodes (cont.).





Figure E.3: Electrode-skin impedance model fit for 10 healthy subjects using Ag-SP elec-trodes.




Figure E.3: Electrode-skin impedance model fit for 10 healthy subjects using Ag-SP elec-trodes (cont.).




Figure E.3: Electrode-skin impedance model fit for 10 healthy subjects using Ag-SP elec-trodes (cont.).
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(j) Subject 10.




The circuit schematics for the impedance compensatory system are provided. Figure F.1
outlines the ADC circuitry schematic, Figure F.2 shows the schematic of the power distri-
bution, Figure F.3 presents the schematic of the circuitry which generates the sinusoidal
excitation voltage, Figure F.4 outlines the impedance measurement circuitry schematic,
Figure F.5 presents the schematic for the microcontroller, Figure F.6 outlines the analogue
circuitry of the bipolar sEMG device, Figure F.7 shows the analogue circuitry of the tripolar
sEMG device, Figure F.8 outlines the compensatory circuitry schematic for electrode A, and
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The accuracy of the resistive-capacitive model fit for the ten subjects over the three
electrode-skin interfaces is outlined in Table G.1.
The error between the measured compensatory impedance and the modelled electrode-
skin interface for the ten subjects using electrode A and electrode C is outlined in Table G.2.
The imbalance between the three simulated transfer functions for the ten subjects is out-
lined in Table G.3.
The error between the transfer function formed using the measured electrode-skin impedance
data and the simulated compensatory impedance data, and the transfer function formed us-
ing the measured electrode-skin impedance data and the measured compensatory impedance
data for the ten subjects using electrode A and electrode C is outlined in Table G.4.
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Table G.1: The RMSE of the resistive-capacitive model fit for the ten subjects over thethree electrode-skin interfaces.Mains frequency (50 Hz)
Electrodes A B C
Subject |Z| (%) φ (%) |Z| (%) φ (%) |Z| (%) φ (%)1 9.7 7.6 14.9 11.3 9.3 13.82 13.4 0.6 9.6 0.6 10.4 1.03 16.9 1.0 17.9 3.8 18.7 2.04 9.4 7.6 10.4 1.5 9.2 10.05 7.3 6.4 10.3 4.1 16.2 3.26 6.5 2.9 9.9 0.4 6.8 5.37 21.0 15.8 18.6 21.4 17.5 4.68 16.4 1.5 12.1 4.7 15.7 2.79 10.1 2.5 14.1 1.4 3.0 0.710 7.8 5.7 14.9 3.1 0.8 0.8
MEAN (SD) 11.8 (4.8) 5.1 (4.6) 13.3 (3.3) 5.2 (6.5) 10.8 (6.2) 4.4 (4.3)
Whole range (20–500 Hz)
Electrodes A B C
Subject |Z| (%) φ (%) |Z| (%) φ (%) |Z| (%) φ (%)1 18.3 13.1 20.9 16.3 30.6 15.02 7.9 17.7 8.9 16.0 7.9 20.43 10.6 19.5 13.9 23.5 13.9 19.54 16.9 15.2 8.0 20.0 20.4 17.05 6.7 18.3 6.7 19.8 9.4 19.96 5.6 14.1 6.5 15.6 5.4 14.77 28.5 24.3 32.3 28.1 15.6 10.98 11.3 23.4 10.7 25.5 8.7 16.79 13.2 14.1 12.3 15.1 8.9 14.310 15.6 12.8 10.4 16.5 9.8 18.0
MEAN (SD) 13.5 (6.8) 17.2 (4.2) 13.1 (8.0) 19.7 (4.6) 13.0 (7.6) 16.6 (3.0)
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Table G.2: The RMSE of the measured compensation impedance fit to the modelled fit forall three electrodes. Mains frequency (50 Hz)
Electrodes A C
Subject |Z| (%) φ (%) |Z| (%) φ (%)1 1.7 2.0 1.3 3.32 1.0 0.1 4.9 9.33 15.8 0.7 14.6 0.34 6.7 0.9 11.6 0.95 7.5 1.4 10.9 1.56 6.0 0.2 7.9 16.17 5.6 1.3 1.8 19.88 11.1 2.2 7.0 2.39 4.7 0.3 1.8 2.910 3.6 0.6 4.8 8.0
MEAN (SD) 6.4 (4.4) 1.0 (0.7) 6.7 (4.6) 6.4 (6.8)
Whole range (20–500 Hz)
Electrodes A C
Subject |Z| (%) φ (%) |Z| (%) φ (%)1 3.6 1.5 4.8 2.32 2.1 0.9 4.5 6.93 16.1 1.4 17.1 1.44 7.9 0.7 14.0 2.05 5.8 1.7 8.4 2.06 5.5 0.3 5.5 12.37 10.6 0.8 1.3 16.58 12.4 1.3 8.9 2.19 4.9 0.6 4.2 3.210 3.8 0.3 5.4 7.6
MEAN (SD) 7.3 (4.5) 0.9 (0.5) 7.4 (4.9) 5.6 (5.2)
Table G.3: The imbalance between each simulated transfer function.Whole range (20–500 Hz)
Electrodes A-B A-C B-C
Subject |H| (%) φ (deg) |H| (%) φ (deg) |H| (%) φ (deg)1 6.4 1.2 12.5 1.6 13.1 1.22 12.3 0.5 5.0 1.2 13.4 1.13 6.9 1.2 6.8 0.7 9.6 1.44 12.8 2.6 5.1 0.5 17.0 2.75 3.4 0.6 13.9 0.8 10.9 0.46 3.5 0.7 2.6 0.8 4.0 1.17 4.1 1.7 17.3 5.0 20.8 6.48 3.3 1.0 9.3 2.6 11.4 3.49 5.2 0.4 6.7 0.7 9.7 0.610 9.8 1.7 9.5 2.2 8.9 0.6
MEAN (SD) 6.8 (3.7) 1.1 (0.7) 8.9 (4.6) 1.6 (1.4) 11.9 (4.6) 1.9 (1.8)
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Table G.4: The RMSE between simulated and measured transfer functions, electrode Aand C. Whole range (20–500 Hz)
Electrodes A C
Subject |H| (%) φ (deg) |H| (%) φ (deg)1 3.5 0.5 5.7 0.82 2.8 0.3 8.7 2.23 30.8 0.4 28.7 0.34 12.0 0.2 20.2 0.65 10.0 0.4 14.4 0.46 10.1 0.2 13.1 3.67 14.9 0.4 3.9 4.98 22.0 0.4 14.5 0.69 8.4 0.2 5.4 1.110 5.3 0.1 7.6 2.5
MEAN (SD) 12.0 (8.7) 0.3 (0.1) 12.2 (7.7) 1.7 (1.6)
The magnitude of electrical interference at the five frequencies of interest, 50Hz, 100 Hz,
200 Hz, 300 Hz and 400 Hz, for the ten subjects during the resting period, for pre- and
post-compensated bioelectrical signals are outlined in Tables G.5 and G.6, respectively.
Table G.5: Electrical interference pre-compensation at the 5 frequencies of interestPre-compensation
Frequency (Hz) 50 100 200 300 400
Subject |H| (µV ) |H| (µV ) |H| (µV ) |H| (µV ) |H| (µV )1 37.5 171.0 279.6 107.2 156.22 12.9 129.7 158.7 45.5 71.73 124.9 278.7 335.0 104.5 137.24 73.4 135.9 261.7 123.1 105.05 15.1 44.7 51.0 40.6 31.66 15.4 51.1 61.1 45.9 37.17 63.0 218.8 265.2 182.7 155.98 132.8 41.7 122.9 46.8 53.79 140.5 71.3 220.3 91.2 103.810 50.5 43.5 57.5 22.0 21.7
MEAN (SD) 66.6 (50.1) 118.6 (83.4) 181.3 (104.9) 81.0 (49.7) 87.4 (51.4)
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Table G.6: Electrical interference post-compensation at the 5 frequencies of interestPost-compensation
Frequency (Hz) 50 100 200 300 400
Subject |H| (µV ) |H| (µV ) |H| (µV ) |H| (µV ) |H| (µV )1 3.2 18.9 34.6 13.5 19.12 5.0 7.3 21.5 9.1 12.83 8.8 13.2 28.0 14.4 22.64 29.1 17.9 8.3 5.4 8.15 7.9 22.9 24.5 18.3 14.26 6.3 14.1 18.2 14.1 10.77 37.9 28.0 57.0 23.6 11.08 241.6 52.0 142.3 54.4 54.59 76.1 12.9 28.7 10.4 10.910 39.0 16.2 22.3 9.1 9.2




The integration results for the bioelectrical signals recorded from the three sEMG devices
during triceps brachii contractions from the ten subjects, pre- and post-compensation are
outlined in Table H.1 and H.2, respectively.
Table H.1: Integration results of the three EMG devices for pre-compensationPre-compensation
Subject BicepSD(µV) TricepSD(µV) TricepDD(µV)1 136 386 4322 101 348 4153 228 1,468 1,0624 304 511 6665 65 646 1366 99 691 2437 137 286 5658 126 248 4699 105 505 33910 74 1,428 148
MEAN (SD) 138 (74) 652 (443) 447 (275)
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Table H.2: Integration results of the three EMG devices for post-compensationPost-compensation
Subject BicepSD(µV) TricepSD(µV) TricepDD(µV)1 140 413 2852 98 430 8373 182 1,434 4644 168 425 2785 60 644 1656 96 675 6447 132 315 4528 109 275 3769 102 498 23410 73 1,524 182
MEAN (SD) 116 (39) 663 (448) 392 (215)
APPENDIX I
Electrode-Skin Impedance
Imbalance Measured in the
Frequency Domain
(a) Subject 1.
Figure I.1: Electrode-skin impedance, simulated compensatory impedance and measuredcompensatory impedance for all 10 subjects.




Figure I.1: Electrode-skin impedance, simulated compensatory impedance and measuredcompensatory impedance for all 10 subjects. (cont.).




Figure I.1: Electrode-skin impedance, simulated compensatory impedance and measuredcompensatory impedance for all 10 subjects. (cont.).










Figure J.1: Simulated and measured transfer functions for all 10 subjects.




Figure J.1: Simulated and measured transfer functions for all 10 subjects. (cont.).




Figure J.1: Simulated and measured transfer functions for all 10 subjects. (cont.).
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(a) Subject 1. (b) Subject 2.
(c) Subject 3. (d) Subject 4.
(e) Subject 5. (f) Subject 6.
Figure K.1: FFT for pre- and post-compensated bioelectrical signals for all 10 subjects.
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(g) Subject 7. (h) Subject 8.
(i) Subject 9. (j) Subject 10.





Figure L.1: Bioelectrical signals from the three sEMG devices, pre- and post-compensationfor all 10 subjects.




Figure L.1: Bioelectrical signals from the three sEMG devices, pre- and post-compensationfor all 10 subjects. (cont.).




Figure L.1: Bioelectrical signals from the three sEMG devices, pre- and post-compensationfor all 10 subjects. (cont.).




Figure L.1: Bioelectrical signals from the three sEMG devices, pre- and post-compensationfor all 10 subjects. (cont.).
APPENDIX M
EMG FFT Contractions for
Highlighting Crosstalk
(a) Subject 1.
Figure M.1: FFT applied to the bioelectrical signals during contraction of the triceps, for all10 subjects. A Savitzky-Golay finite impulse response filter was applied to increase visualability.




Figure M.1: FFT applied to the bioelectrical signals during contraction of the triceps, for all10 subjects. A Savitzky-Golay finite impulse response filter was applied to increase visualability. (cont.).




Figure M.1: FFT applied to the bioelectrical signals during contraction of the triceps, for all10 subjects. A Savitzky-Golay finite impulse response filter was applied to increase visualability. (cont.).




Figure M.1: FFT applied to the bioelectrical signals during contraction of the triceps, for all10 subjects. A Savitzky-Golay finite impulse response filter was applied to increase visualability. (cont.).
APPENDIX N
EMG FFT Integration for
Highlighting Crosstalk
(a) Subject 1.
Figure N.1: Integrated FFT of the bioelectrical signals during tripolar contractions, for all10 subjects.




Figure N.1: Integrated FFT of the bioelectrical signals during tripolar contractions, for all10 subjects. (cont.).




Figure N.1: Integrated FFT of the bioelectrical signals during tripolar contractions, for all10 subjects. (cont.).




Figure N.1: Integrated FFT of the bioelectrical signals during tripolar contractions, for all10 subjects. (cont.).
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